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Samenvatting 
Als gevolg van de toename van verkeersopstoppingen worden wereldwijd meer en meer 
tunnels gebouwd om de verkeersdruk te verzachten. Een tunnel geeft ons echter niet 
alleen een verkeerscomfort, maar leidt ook de uitdagingen m.b.t. brand. Als gevolg van 
de smalle en lange structuur van een tunnel is het moeilijk om de rook op hoge 
temperatuur en de bijhorende warmte voldoende snel af te voeren. Daardoor is er een 
accumulatie onder het plafond, hetgeen een groot risico vormt voor aanwezige personen 
en voor de tunnelconstructie. Statistieken hebben aangetoond dat rook de dodelijkste 
factor is bij brand: ongeveer 85% van de slachtoffers bij brand in een gebouw sterft als 
gevolg van de hete, giftige rook. Bovendien is het zo dat, eenmaal stalen kabels in het 
beton blootgesteld worden aan de hete rook gedurende een bepaalde periode, hun sterkte 
aantoonbaar vermindert, hetgeen uiteindelijk kan leiden tot het instorten van de tunnel. 
In de voorbije jaren hebben wereldwijd een aantal brandincidenten plaatsgevonden in 
verscheidene weg-, trein- en metrotunnels. Veel van deze branden groeiden snel en 
veroorzaakten een heel groot aantal slachtoffers en gewonden, alsook schade aan de 
tunnelconstructies. 
Wanneer een brand plaatsvindt in een tunnel, stijgt de rookpluim op vanaf de 
brandhaard en draait dan radiaal uitwaarts onder het plafond, tot wanneer de zijwaartse 
stroming wordt verhinderd door de zijwanden. Op dat moment vindt een overgang 
plaats van een radiale naar een ééndimensionale rookverspreiding. Het stromingsveld in 
de tunnel kan dan worden onderverdeeld in vijf zones: de opstijgende rookpluim, de 
draaizone bij het plafond, de radiale verspreiding onder het plafond, de overgang van 
radiale naar ééndimensionale rookverspreiding en de ééndimensionale stroming, 
evenwijdig met de longitudinale as van de tunnel. In vorige studies werd de brandhaard 
echter steevast geplaatst op de centrale as van de tunnel, terwijl in feite de brand op om 
het even welke plaats kan ontstaan als gevolg van een ongeval, op verschillende 
afstanden van de zijwand. Het beperkende effect van de zijwand op branden in de 
nabijheid zal zeker het proces van de inmenging van lucht beïnvloeden en een 
belangrijke rol spelen in de bepaling van de eigenschappen van de brandpluim onder het 
plafond, hetgeen nog niet behoorlijk wordt begrepen. De hoofddoelstelling van deze 
thesis is om de karakteristieken van de ingesloten stroming, invallende op het plafond, 
te bestuderen in de zone van radiale rookverspreiding, alsook om de effectiviteit te 
bestuderen van een natuurlijke rookafzuiging met behulp van een verticale schacht in de 
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zone van ééndimensionale stroming bij een tunnelbrand. 
Dit onderzoeksonderwerp wordt voornamelijk onderzocht met behulp van experimenten 
op schaalmodellen, CFD (Computational Fluid Dynamics) simulaties en 
dimensieanalyse. Het proefschrift bestaat uit vier onderdelen. 
Het eerste deel betreft het ontwerp en de opbouw van een tunnel op schaal 1/6 en 
verstrekt een inleiding tot het gebruikte toestel voor de experimenten. De modeltunnel 
werd ontworpen op basis van de aanpak van fysische schaalmodellering, hetgeen goed 
ingeburgerd is en een wijdverbreid gebruik kent in het domein van onderzoek naar 
brand. Het belangrijkste kenmerk is het behoud van het Froudegetal, dat de verhouding 
kenmerkt tussen de traagheid en de natuurlijke convectiekracht. Het Reynoldsgetal, 
kenmerkend voor de verhouding tussen de traagheidskrachten en de viscositeitskrachten, 
moet voldoende hoog blijven om te garanderen dat de stroming in het schaalmodel 
turbulent blijft. De gebouwde tunnel is 6 m lang, 2 m breed en 0.88 m hoog. De 
verhoudingen zijn bepaald op basis van onderzoek naar 17 wegtunnels in Beijing, 
Nanjing en Shenzhen in China en worden als representatief beschouwd voor een groot 
aantal tunnels in realiteit. Bovendien wordt het toestel voor de experimenten, met 
inbegrip van de brandhaard, K-type thermokoppel, snelheidsmeter, elektronische balans, 
etc., ook geïntroduceerd. 
Het tweede deel van dit proefwerk richt zich op de invloed van de beperking van de 
zijwand op de verticale vlamhoogte en de maximale gastemperatuur onder het plafond 
in geval van een zwakke invallende pluim. In dit deel werd de afstand tussen de 
brandhaard en de zijwand verminderd van 1.0 m (in het longitudinale centrale vlak van 
de tunnel) tot 0 m (onmiddellijk naast de zijwand). Als gevolg van het insluitend effect 
van de zijwand neemt de vlamhoogte toe naarmate de afstand tussen brandhaard en 
zijwand afneemt. In het bijzonder voor de brandhaard onmiddellijk naast de zijwand 
wordt het inmengproces van de lucht het sterkst beperkt en neem de vlamhoogte 
aanzienlijk toe. Daarenboven wordt de inmengfactor (‘Entrainment Factor’, EF), die de 
verhouding beschrijft van de hoeveelheid inmenging van lucht ten opzichte van de 
inmenging zonder beperking vanwege wanden, ingeschat voor verschillende posities 
van de brandhaard. Voor brand onmiddellijk naast de zijwand is EF gelijk aan 0.46, 
hetgeen betekent dat slechts 46 % van de hoeveelheid lucht wordt ingemengd in de 
vlam in vergelijking tot de situatie met de brandhaard in het longitudinale centrale vlak 
van de tunnel. Dit verklaart waarom de vlam aanzienlijk toeneemt voor een brand 
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onmiddellijk naast de zijwand. Voor de stroming van de zwakke invallende pluim was 
de vlam lager dan het plafond en met de beperking van de zijwanden van de tunnels 
bouwt zich een hete rooklaag op onder het plafond. Dit beïnvloedt onvermijdelijk de 
plafondtemperatuur, vergeleken met een situatie zonder zijwanden. Proefresultaten 
toonden een beperkte verandering van maximale gastemperatuur met een afname van 
afstand tussen brandhaard en zijwand, totdat de brandhaard zich onmiddellijk naast de 
zijwand bevindt. In dat geval nam de maximale gastemperatuur aanzienlijk toe. Een 
aangepast concept van virtuele oorsprong werd ingevoerd om de maximale 
gastemperatuur te bepalen in geval van aanwezigheid van een hete bovenlaag onder het 
plafond. Op basis van de gegevens van de experimenten en een theoretische analyse 
werden correlaties voorgesteld voor de positie van de virtuele oorsprong voor een brand 
die wel of niet in aanraking komt met de zijwand. Verder werden de maximale 
gastemperaturen vergeleken met meetgegevens van andere proeven op modelschaal en 
op ware grootte. De resultaten toonden een goede overeenkomst wanneer de aangepaste 
dimensieloze HRR, 
modQ , die de relatieve grootte van de HRR ten opzichte van de 
tunnelgeometrie weergeeft, kleiner was dan 0.09. In andere gevallen waren de 
voorspelde maximale temperaturen lager dan de opgemeten waarden als gevolg van het 
invallen van de intermittente vlam op het plafond. 
In het derde deel van het proefschrift worden de vlamuitbreiding en de 
temperatuursverdeling onder het plafond experimenteel onderzocht. Vier reeksen van 
brandproeven werden uitgevoerd: met de brandhaard geplaatst in open lucht, 
onmiddellijk naast een wand zonder plafond, in het longitudinale centrale vlak van de 
modeltunnel en onmiddellijk naast de wand van de modeltunnel. Resultaten tonen dat de 
vlamuitbreiding onder het plafond een cirkelvormige vorm weergeeft wanneer de 
brandhaard in het longitudinale centrale vlak van de tunnel werd geplaatst, terwijl voor 
de brandhaard onmiddellijk naast de zijwand dit een halve ellips werd. Naarmate het 
brandvermogen (heat release rate, HRR) toeneemt, verandert de langste as van de ellip 
van loodrecht op de zijwand naar evenwijdig ermee, als gevolg van de competitie tussen 
verbeterde inmenging van lucht als gevolg van gegenereerde wervels en de beperking 
van inmenging van lucht van de hoekvorm boven de brandhaard. Daarbovenop wordt, 
op basis van een dimensieanalyse, de totale vlamuitbreiding gekwantificeerd als een 
samenvoeging van de verticale vlamhoogte en horizontale vlamlengte voor de 
verschillende gevallen. Voor de sterk invallende pluim kunnen de temperaturen op het 
invalpunt goed worden gecorreleerd met behulp van de drie-regime configuratie van 
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rookpluim met natuurlijke convectie, intermittente vlam en continue vlam. De 
temperatuurstijging onder het plafond bij het invalpunt, ∆T0, gelijk aan 400 K en 600K 
kan beschouwd worden als de twee kritische waarden om de omstandigheden van 
invallen in te schatten. Net zoals de vlamuitbreiding vertonen de horizontale 
temperatuurprofielen onder het plafond een duidelijke asymmetrie in geval van brand 
naast de zijwand. De correlaties voor de temperatuurstijging onder het plafond, zowel in 
transversale als in longitudinale richting, worden voorgesteld door gebruik te maken van 
de straal van de pluim bij het plafond als karakteristieke lengtemaat. 
In het laatste gedeelte van dit proefschrift werden een set van brandproeven en CFD-
simulaties uitgevoerd om de invloed van het schoorsteeneffect op natuurlijke ventilatie 
te onderzoeken met toenemende hoogte van de schacht in geval van brand in een tunnel. 
Het is heel belangrijk om de verspreiding van rook en giftige gassen tegen te gaan door 
middel van geschikte afvoersystemen. Er zijn voornamelijk twee soorten van 
ventilatiesystemen in wegtunnels, namelijk natuurlijke ventilatie en mechanische 
ventilatie. Wanneer mechanische ventilatie wordt toegepast in wegtunnels in steden, 
maakt de hoge concentratie van vervuilend gas nabij de uitlaat het moeilijk om te 
voldoen aan de vereisten van milieubescherming, en zijn de constructie, de werking en 
het onderhoud duur. In tegenstelling hiermee is natuurlijke ventilatie met een verticale 
schacht eenvoudig en goedkoop en vergt het geen bijkomend vermogen of speciale 
uitrusting, waardoor het wordt toegepast in meer en meer wegtunnels in verstedelijkte 
omgeving. Twee speciale fenomenen werden waargenomen in de experimenten en de 
numerieke simulaties, met name plug-holing en afscheiding van de turbulente grenslaag. 
Beide fenomenen zullen de effectiviteit van de rookafvoer verminderen. Wanneer de 
hoogte van de schacht relatief klein was, was de afscheiding van de grenslaag 
aanzienlijk en werden er wervels gevormd in de stroomopwaartse zone in de schacht, 
hetgeen een terugstroming van gasmengsel veroorzaakte en de doorstroming van rook 
verhinderde. Wanneer de hoogte van de schacht toenam werd de afscheiding van de 
grenslaag niet meer waargenomen, maar ontstond plug-holing, hetgeen leidt tot het 
direct afvoeren van verse omgevingslucht, waardoor de effectiviteit van de rookafvoer 
sterk daalde. Daardoor was het niet zo dat de rookafvoer verbeterde naarmate de schacht 
hoger werd. Wanneer de schachthoogte toenam tot een bepaalde waarde, trad het plug-
holing effect op onder het rooklook als gevolg van een overmatige verticale 
traagheidskracht, opgewekt door het schoorsteeneffect, en werd verse lucht van onder 
de rooklaag rechtstreeks in de schacht aangezogen, hetgeen leidt tot een inefficiënt 
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rookafvoerproces. Op basis van de bepalende traagheidskracht, inwerkend op de 
rookbeweging, kon het afvoerproces met verschillende schachthoogtes worden 
onderverdeeld in rookbeheersing met horizontale traagheidskracht, met verticale 
traagheidskracht en een overgangszone hiertussen. Er bestond een kritieke 
schachthoogte waarbij de grenslaagafscheiding grotendeels verdween en een teveel aan 
inmenging van verse lucht als gevolg van plug-holing werd vermeden. Bovendien kon 
de kritieke schachthoogte met betrekking tot een verbeterde rookafvoer bepaalde 
worden aan de hand van een nieuw criterium van Ri’, voorgesteld in dit proefschrift. 
Samengevat: in dit proefschrift werd een schaalmodel (schaal 1/6) ontwikkeld en 
gebouwd om de kenmerken te onderzoeken van een ingesloten invallende stroming 
onder het plafond, alsook het effect van natuurlijke rookafvoer door middel van een 
verticale schacht, in het geval van brand in een tunnel. Ik hoop dat de 
onderzoeksresultaten tegemoet kunnen komen aan tekortkomingen van vroegere studies, 
en nuttige theorie en ondersteuning voor ontwerp kunnen bieden voor brandbeveiliging 
en natuurlijke ventilatie in tunnels.               
Kernwoorden: tunnelbrand, plafondtemperatuur, vlamuitbreiding, inmengfactor, effect 
van de zijwand, natuurlijke rookafvoer 
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Summary 
As the problem of trafﬁc congestion increases seriously, more and more tunnels are 
under construction all over the world to alleviate the trafﬁc pressure. However, a tunnel 
gives us not only traffic convenience, but also fire challenges to overcome. Due to the 
specific narrow and long structure of a tunnel, the high temperature smoke and heat are 
difficult to be discharged timely. Consequently, there is accumulation beneath the 
ceiling, which poses quite strong risk to the trapped people and tunnel structure. 
Statistics have shown that smoke is the most fatal factor in fires, and about 85% of 
victims in building fire were killed by hot and toxic smoke. Moreover, once the steel 
bars in the concrete are exposed to the hot smoke over a certain period of time, the 
strength of them will descend evidently, which eventually cause the collapse of tunnel 
structure. In recent years, a number of high proﬁle accidental ﬁres have occurred in 
numerous road, rail and subway tunnels throughout the world. Many of these ﬁres grew 
rapidly and caused tremendous deaths and injuries and severe damage to the tunnel 
structures. 
When a tunnel ﬁre occurs, the plume rises from the seat of the ﬁre and turns radially 
outward at the ceiling until it is obstructed by the sidewalls. Then a transition from 
radial to one-dimensional spreading takes place. The ﬂow ﬁeld in the tunnel can then be 
subdivided into ﬁve regions: rising plume, turning region near the ceiling, radial 
spreading under the ceiling, transition from radial to one-dimensional ﬂow and one-
dimensional ﬂow parallel to the longitudinal tunnel axis. However, in the former studies, 
fire source was always located at the longitudinal centerline of tunnel, whereas in fact, 
fire may occur at any location in accident, with different distances to the sidewall. The 
restriction effect of sidewall on nearby fires will certainly influence the air entrainment 
process and play an important part in determining the fire plume properties under the 
ceiling, which is not adequately understood yet. The main goal of this thesis is to 
investigate the characteristics of the confined impinging flow under the ceiling within 
the radial spreading region and the effectiveness of natural smoke exhaust by vertical 
shaft in the one-dimensional ﬂow region of a tunnel fire. 
This research topic is mainly investigated by model scale experiments, computational 
fluid dynamics (CFD) simulations and dimensional analysis. The thesis consists of four 
parts. 
The first part concerns the design and construction of a 1/6th model scale tunnel and 
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offers an introduction of the adopted experimental apparatus. The model tunnel was 
designed based on the approach of physical scale modeling which is well established 
and widely used in the field of fire researches. Its main feature is that the Froude 
number that characterizes the ratio between inertia and buoyancy forces is preserved. 
The Reynolds number that characterizes the ratio between the inertial forces and the 
viscosity forces should maintain a sufficiently high value to ensure turbulent flow inside 
the model. The tunnel is built as 6 m long, 2 m wide and 0.88 m high. Its aspect ratio is 
determined based on a survey of 17 road tunnels in Beijing, Nanjing and Shenzhen in 
China and it is considered to have a broad representation. In addition, the experimental 
apparatus, including the fire source, K-type thermocouple, velocity probe, electronic 
balance etc., is also introduced.  
The second part of this thesis focuses on the influence of sidewall restriction on vertical 
flame height and maximum ceiling gas temperature of weak plume impinging flow. In 
this part, the distance between fire source and sidewall was decreased from 1.0 m (at the 
longitudinal centerline of tunnel) to 0 m (against sidewall). Owing to the confinement 
effect of sidewall, the flame height increases with the decrease of fire-sidewall distance. 
Especially for fire immediately against sidewall, the air entrainment process is confined 
to the largest extent and the flame height increases significantly. Besides, the 
Entrainment Factor (EF), which describes the ratio of air entrainment into the confined 
plume relative to the unconfined one, is estimated for different fire locations. For fire 
against sidewall, EF is 0.46, which means that only 46 % of air is entrained into the 
flame volume compared to the fire at the longitudinal centerline of tunnel. This is the 
reason why flame increases significantly for wall fire. For the weak plume impinging 
flow, the flame was lower than ceiling and with the limitation of tunnel sidewalls a layer 
of hot smoke accumulated under the ceiling. This would inevitably influence the ceiling 
temperature compared to the unconfined ceiling. Experimental results showed that the 
maximum gas temperature changed little with the decreasing of fire-sidewall distance 
until fire was flush with sidewall. Then the maximum ceiling gas temperature increased 
significantly. A modified concept of virtual origin was introduced for calculating the 
maximum ceiling gas temperature in the presence of a hot upper layer beneath ceiling. 
Based on the experimental data and a theoretical analysis, correlations of the virtual 
source location were proposed for fire placed out of touch and flush with sidewall, 
respectively. Further, the predicted maximum ceiling gas temperatures were compared 
with the data from other model-scale and full-scale tests. The results showed that there 
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was a good agreement when the modified dimensionless heat release rate, 
modQ , which 
expressed the relative size of heat release rate compared to the tunnel geometry, was 
smaller than 0.09. Otherwise the predicted maximum temperatures showed lower than 
the experimental values because of the impingement of intermittent flame on the tunnel 
ceiling. 
In the third part of the thesis, the ceiling flame extension and temperature distribution of 
strong plume impinging flow were investigated experimentally. Four series of burning 
experiments were conducted: with fire source located in the open space, flush with a 
wall without ceiling, at the longitudinal centerline of the model tunnel and flush with the 
tunnel sidewall. Results showed that the flame extension under the ceiling presented a 
circular shape when the fire was located at the longitudinal centerline of tunnel, whereas 
for fire placed flush with sidewall, it became a half ellipse. As heat release rate (HRR) 
increases, the long axis of the ellipse changes from perpendicular to the sidewall plane 
to parallel to it, resulting from the competition between air entrainment enhancement of 
generated vortices and air entrainment restriction of the corner structure above fire 
source. Additionally, the total flame extension as a lump of the vertical flame height and 
horizontal flame length is quantified based on dimensional analysis for the different 
cases. For the strong plume impingement plume, the temperatures at the impingement 
point can be well correlated by the three-regime configuration of buoyant plume, 
intermittent flame and continuous flame. The ceiling excess temperature at the 
impingement point, ∆T0, of 400K and 600K can be considered as the two critical values 
to estimate the impinging condition. Similar to the flame extension, the horizontal 
temperature profiles under the ceiling of wall fire show clear asymmetry. The 
correlations of the ceiling excess temperature in both transverse and longitudinal 
directions are proposed by using the plume radius at ceiling level as the characteristic 
length scale. 
In the last part of this thesis, a set of burning experiments and CFD simulations were 
conducted to investigate the impact of the stack effect on natural ventilation with 
increasing shaft height in tunnel fires. It is very important to stop the smoke and toxic 
gases from spreading by appropriate exhaust systems. There are mainly two kinds of 
ventilation systems in road tunnels, i.e. the natural ventilation and the mechanical 
ventilation. For urban road tunnels, if adopting mechanical ventilation, high 
concentration of polluting gas near the outlet makes it difficult to meet the requirements 
of environmental protection, and its construction, operation and maintenance are costly. 
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In contrast, the natural ventilation with vertical shaft is simple, economical and does not 
need extra power and special equipment, so that it has been adopted in more and more 
urban road tunnels. Two special phenomena, plug-holing and turbulent boundary-layer 
separation, were observed in the experiments and numerical simulations, both of which 
will weaken the effectiveness of smoke exhaust. When the shaft height was relatively 
small, the boundary layer separation was significant and vortices formed in the upstream 
region inside the shaft, causing the backflow of gas mixture and preventing the through 
flow of smoke. With increasing shaft height, boundary layer separation became 
inconspicuous but plug-holing occurred, leading to the ambient fresh air beneath smoke 
layer being exhausted directly, which strongly decreased the smoke exhaust 
effectiveness. Therefore, it was not the case that the higher the vertical shaft, the better 
the smoke exhaust effect. When shaft height increased to a certain value, the plug-
holing effect occurred beneath smoke vent because of the excessive vertical inertia force 
induced by stack effect and the fresh air below smoke layer was drawn directly into the 
shaft, leading to the inefficient smoke exhausting process. Based on the controlling 
inertia force acting on smoke movement, the exhausting process with different shaft 
heights could be divided into the horizontal inertia force control, the vertical inertia 
force control and the transition process between them. There existed a critical shaft 
height in which the boundary layer separation was diminished largely and excessive 
entrainment of fresh air due to plug-holing was avoided. In addition, the critical shaft 
height related to better smoke exhaust effect could be determined by a new criterion of 
Ri’ proposed in this thesis. 
To sum up, in this thesis, a 1/6th scale model tunnel was designed and constructed to 
investigate the characteristics of the confined impinging flow under the ceiling and the 
effect of the natural smoke exhaust by vertical shaft in tunnel fires. I hope that the 
research results could make up the insufficiency in previous studies, and provide some 
useful theory and design support for fire protection and natural ventilation in tunnels. 
Keywords: Tunnel fire, Ceiling temperature, Flame extension, Entrainment factor, 
Sidewall effect, Natural smoke exhaust 
 
摘  要 
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摘  要 
随着世界各国城市化进程不断加快，城市人口数量急剧增加，城市用地与土
地资源稀缺的矛盾越来越尖锐，伴随而来的是人均道路面积持续下降并出现严重
的交通拥堵问题。在这种背景下，开发利用地下空间就成了缓解这一矛盾的必然
选择。城市地下公路隧道的大量涌现，缓解了城市的交通压力，但也给火灾防治
带来了新的难题。近年来陆续发生了多起重特大隧道火灾事故，造成了惨重的人
员伤亡和财产损失。统计结果表明，造成火灾中人员伤亡的主要原因是由于不完
全燃烧所产生的高温有毒烟气。因此，研究隧道内受限火羽流行为特征和烟气控
制方法具有重要的理论意义和实际应用价值。本文在分析隧道内受限火羽流和顶
棚射流发展规律及火灾烟气运动过程的基础上，采用理论分析、小尺寸模型实验
与数值模拟相结合的方法对隧道内受限火羽流行为特征和竖井自然排烟机理展
开研究，主要包括以下三个方面的内容： 
第一，通过开展小尺寸实验研究了隧道火灾初期火焰低于顶棚时，隧道侧壁
对火焰高度、羽流受限程度以及弱羽流驱动顶棚射流最高温度的影响。对于隧道
内不同的火源横向位置，随着火源由隧道纵向中心线逐渐向侧壁靠近，侧壁对羽
流卷吸空气的影响越来越大，火源受限程度逐渐增强；特别是当火源贴壁时，羽
流卷吸空气的过程受到最大程度的限制，导致火焰高度显著升高。根据火焰高度
与火源功率的变化关系可以得到羽流卷吸系数随火源横向位置的变化情况，当火
源贴壁时，贴壁羽流卷吸的空气量只有火源位于隧道中心线时的 46%，正是由于
空气卷吸过程严重受限，才导致贴壁火火焰高度显著升高，火灾危险性增强。对
于弱羽流撞击时顶棚下方的最高温度，实验结果显示，随着火源与侧壁距离的减
小，顶棚下方最高温度有所升高但变化不大；一旦火源紧贴侧壁后，受火焰高度
升高和反浮力壁面射流的影响，顶棚下方的最高温度则显著升高。本文分别从火
焰高度和隧道上部蓄积烟气层两方面的影响来研究隧道顶棚下方最高温度随火
源横向位置和功率的变化规律。定义了表征火源功率与隧道尺寸相对大小的无量
纲火源功率 * 'Q ，并引入虚点源的概念来研究热烟气层对顶棚下方最高温度的影
响。建立了适用于不同火源横向位置，弱羽流驱动顶棚射流最高温升的预测关系
式。 
摘  要 
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第二，通过开展小尺寸实验研究了隧道火灾充分发展阶段火焰直接撞击顶棚
时，强羽流驱动顶棚射流火焰长度与温度的分布规律。实验结果显示，当火源位
于隧道中心线上时，沿隧道纵向和横向的顶棚射流火焰长度相等，顶棚下方的火
焰形状为圆形；然而，当火源贴壁时，由于火焰沿隧道纵向的横向的卷吸不对称，
顶棚射流火焰形状为半椭圆形，且随着火源功率的增大，椭圆的长轴逐渐由垂直
于侧壁转变为与侧壁平行。基于量纲分析，建立了沿隧道纵向和横向火焰蔓延总
长度的预测模型，并与前人的实验结果进行了对比验证。此外，通过对顶棚下方
竖向、水平温度分布以及实验视频数据的对比分析，得到了判断顶棚下方强弱羽
流撞击情况的临界温升值，当撞击区域温升∆T0<400K，400<∆T0<600K，∆T0>600K
时，分别对应于浮力羽流、间歇火焰和连续火焰撞击顶棚。由于贴壁火卷吸空气
以及火焰蔓延的不对称性，隧道顶棚下方的温度分布同样是非对称的，本文以顶
棚高度处的羽流半径为特征长度，分别揭示了沿隧道纵向和横向的强羽流驱动顶
棚射流温升分布规律。 
第三，通过开展小尺寸实验和全尺寸数值模拟研究了城市公路隧道采用竖井
自然排烟时的烟气控制效果及其排烟机理。在自然排烟过程中，随着竖井的升高，
竖井内会先后出现边界层分离和烟气层吸穿现象，它们是影响竖井排烟效果的最
主要的两种作用机制。当竖井较低时，在竖井内部会出现非常明显的边界层分离
现象，导致竖井上游出现大面积的低烟气浓度区，减小了竖井的有效排烟空间，
不利于烟气顺利排出。随着竖井的升高，烟囱效应增强，边界层分离现象逐渐减
弱直至消失，排烟效果得到改善；但是，当竖井过高时则会发生烟气层吸穿现象，
此时在较强的排烟驱动力作用下，排烟口下方烟气层厚度降为 0，导致大量冷空
气通过竖井直接排出，排烟效率下降。可见，竖井高度并非越高越好，基于对竖
井排烟主要驱动力的分析，揭示了排烟过程控制力分区，随竖井高度的升高，排
烟过程可分为水平惯性力控制区、烟囱效应控制区以及二者之间的过渡区，在此
基础上，建立了判定竖井排烟效果的临界 Ri’数判据。 
关键词：隧道火灾，顶棚射流，顶棚温度，火焰蔓延，卷吸系数，侧壁效应，自
然排烟，吸穿，边界层分离，数值模拟 
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Abstract 
As the constantly accelerating process of urbanization in the world, the urban 
population has risen dramatically along with the expansion of cities, and the pressure 
of urban transportation is growing to a large extent. In this context, more and more 
underground tunnels are under construction all over the world to alleviate the trafﬁc 
pressure. However, a tunnel gives us not only traffic convenience, but also fire 
challenges to overcome. In recent years, serious and major tunnel fire accidents 
happen occasionally, causing tremendous deaths and injuries and severe damage to 
the tunnel structures. Statistics have shown that smoke is the most fatal factor in fires, 
and most of victims in fire were killed by hot and toxic smoke. Therefore, the 
investigation on the characteristics of confined fire plume and smoke control method 
is important in theoretic and engineering. Based on the analysis of confined fire 
plume, ceiling jet and smoke movement in tunnel, the research topic is focused on the 
characteristics of confined fire plume and the mechanism of natural smoke exhaust by 
vertical shaft, by adopting theoretical analysis, model scale experiments and 
computational fluid dynamics (CFD) simulations. The thesis mainly consists of three 
parts. 
Firstly, the influence of sidewall restriction on vertical flame height and 
maximum ceiling gas temperature of weak plume impinging flow was experimentally 
investigated. In this part, the distance between fire source and sidewall was decreased 
from 1.0 m (at the longitudinal centerline of tunnel) to 0 m (against sidewall). Owing 
to the confinement effect of sidewall, the flame height increased with the decrease of 
fire-sidewall distance. Especially for fire immediately against sidewall, the air 
entrainment process was confined to the largest extent and the flame height increased 
significantly. Based on the relationships between flame height and HRR (heat release 
rate), the Entrainment Factor (EF), which describes the ratio of air entrainment into 
the confined plume relative to the unconfined one, was estimated for different fire 
locations. For fire against sidewall, EF was 0.46, which means that only 46 % of air 
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was entrained into the flame volume compared to the fire at the longitudinal 
centerline of tunnel. This is the reason why flame increases significantly for wall fire. 
For the weak plume impinging flow, the flame was lower than ceiling. Experimental 
results showed that the maximum excess temperature first changed small with the 
decrease of distance between fire source and the sidewall, while if the distance 
decreased to 0, i.e., fire was flush with sidewall, due to the increase of flame height 
and the influence of negatively buoyant wall jet, the maximum ceiling gas 
temperature would increase significantly. In this part, the changing law of ceiling 
excess temperature with transverse fire location and HRR was investigated from the 
two aspects of flame height and accumulated smoke layer, respectively. The 
dimensionless heat release rate, 
* 'Q , which expressed the relative size of heat 
release rate compared to the tunnel geometry was defined and a modified concept of 
virtual origin was introduced for calculating the maximum ceiling gas temperature in 
the presence of a hot upper layer beneath ceiling. The predicted correlations for 
ceiling excess temperature of weak plume impinging flow were proposed for different 
transverse fire locations. 
Secondly, the ceiling flame extension and temperature distribution of strong 
plume impinging flow were investigated experimentally. Experimental results 
showed that the flame extension under the ceiling presented a circular shape when the 
fire was located at the longitudinal centerline of tunnel, whereas for fire placed flush 
with sidewall, it became a half ellipse. With the increase of HRR, the long axis of the 
ellipse changes from perpendicular to the sidewall plane to parallel to it. By adopting 
dimensional analysis, the predicted model of the total flame extension in both the 
longitudinal and transverse directions were put forward and compared with previous 
results. Additionally, based on the comparative analysis of vertical and horizontal 
temperature distribution under the ceiling and the experimental video data, the ceiling 
excess temperature at the impingement point, ∆T0, of 400K and 600K can be 
considered as the two critical values to estimate the impinging condition. For 
∆T0<400K, 400<∆T0<600K, ∆T0>600K, buoyant plume, intermittent flame and 
continuous flame impinged on the ceiling, respectively. Similar to the flame 
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extension, the horizontal temperature profiles under the ceiling of wall fire show clear 
asymmetry. The correlations of the ceiling excess temperature in both transverse and 
longitudinal directions are proposed by using the plume radius at ceiling level as the 
characteristic length scale. 
Thirdly, a set of model scale burning experiments and CFD simulations were 
conducted to investigate the smoke exhaust effect and the mechanism of natural 
ventilation by vertical shaft in urban road tunnel fire. With the increase of shaft, two 
special phenomena, plug-holing and turbulent boundary-layer separation, were 
observed in the experiments and numerical simulations, both of which will weaken 
the effectiveness of smoke exhaust. When the shaft height was relatively small, the 
boundary layer separation was significant and an area of low smoke concentration 
appeared in the upstream region inside the shaft, reducing the effective volume of 
shaft and preventing the through flow of smoke. With increasing shaft height, 
boundary layer separation became inconspicuous and the effect of smoke exhaust 
were improved. However, if the shaft was too high, the strength of stack effect 
became too large, causing the occurrence of plug-holing. Then, the ambient fresh air 
beneath smoke layer was exhausted directly, which strongly decreased the smoke 
exhaust effectiveness. Therefore, it was not the case that the higher the vertical shaft, 
the better the smoke exhaust effect. Based on the controlling inertia force acting on 
smoke movement, the exhausting process with different shaft heights could be 
divided into the horizontal inertia force control, the vertical inertia force control and 
the transition process between them. In addition, the critical shaft height related to 
better smoke exhaust effect could be determined by a new criterion of Ri’ proposed in 
this thesis. 
Keywords: Tunnel fire, Ceiling jet, Ceiling temperature, Flame extension, 
Entrainment factor, Sidewall effect, Natural smoke exhaust, Plug-holing, Boundary 
layer separation, Numerical simulation 
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第1章 绪论 
随着世界各国城市化进程不断加快，城市用地与土地资源稀缺的矛盾越来越
尖锐，城市人口的数量急剧增加，伴随而来的是人均道路面积持续下降并出现严
重的匮乏。在这种背景下，开发利用地下空间就成了缓解这一矛盾的必然选择。
近年来出现了大量的城市地下公路隧道，缓解了城市的交通压力。城市地下公路
隧道在给人们带来便利的同时，也给火灾防治带来了新的课题。近年来接连发生
的多起重特大隧道火灾事故也表明研究隧道内受限火羽流行为特性及烟气控制
方法具有重要的实际意义。 
1.1 隧道火灾事故 
近年来，世界范围内发生了多起公路、铁路以及地铁隧道重特大火灾事故，
造成了大量的人员伤亡和严重的隧道结构破坏。通过对以往重大隧道火灾事故的
分析，可以更好的帮助我们理解隧道火灾发生的物理过程，为预防和控制隧道火
灾事故提供科学依据。 
1. 公路隧道火灾 
 公路隧道最严重的火灾威胁来自于重型货车（heavy goods vehicle, HGV）,
重型货车火灾往往会造成严重的后果，包括大量的人员伤亡和隧道结构的严重破
坏[1]。隧道顶棚高度、隧道内通风情况、以及火灾荷载类型是影响隧道火灾发展
的主要因素。顶棚高度越低，在隧道下方形成连续顶棚射流火焰的可能性就越大，
火焰在顶棚下方的蔓延极有可能引燃隧道内起火点周围的车辆，造成火势快速蔓
延。例如，2014年3月1日，位于山西省晋城市泽州县的晋济高速公路山西晋城段
岩后隧道内，两辆运输甲醇的铰接列车追尾相撞，前车甲醇泄漏起火燃烧，隧道
内滞留的另外两辆危险化学品运输车和31辆煤炭运输车等车辆被引燃引爆，造成
40人死亡、12人受伤和42辆车烧毁，直接经济损失8197万元。表1.1列出了近年
来的重特大公路隧道火灾事故。 
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图1.1 山西岩后隧道火灾事故 
表1.1 近年来重特大公路隧道火灾事故[2-6] 
时间/
年 
隧道名称 起火原因 后果 
2014 中国·岩后隧道 两个罐车着火 31 死，毁车 42 辆 
2009 挪威·Follo 隧道 
重型货车撞击入口墙
壁 
1 死，毁车 1 辆，隧道
内设备严重损毁 
2007 美国·Newhall 隧道 两辆重型货车碰撞 
3 死 10 伤，毁车 31 辆，
设备损毁严重 
2007 
意大利·San Martino 隧
道 
重型货车撞墙 2 死 10 伤，毁车 1 辆 
2007 澳大利亚·Burnley隧道 重型货车与汽车碰撞 3 死 2 伤，毁车 7 辆 
2006 瑞士 Viamala 隧道 大巴与两辆汽车碰撞 
9 死 5 伤，毁车 5 辆，
隧道衬砌损毁 
2006 挪威·Eidsvoll 隧道 车辆碰撞 
1 死 2 伤，毁车 2 辆，
隧道内部设施损毁 
2005 
法国/意大利·Fréjus 隧
道 
引擎着火 
2 死 21 伤，毁车 4 辆，
10 公里设备待修 
2003 瑞士·Baregg 隧道 车辆碰撞 1 死 1 伤 
2001 瑞士·St. Gotthard 隧道 碰撞 
11 死，毁车 23 辆，隧
道损毁严重，交通中断
2 个月 
2001 
澳大利亚·Gleinalm 隧
道 
车辆碰撞 5 死 4 伤，毁车 2 辆 
1999 澳大利亚·Tauern 隧道 涂料和油漆泄露 
12 死，毁车 40 辆，交
通中断 3 个月 
1999 
法国-意大利·Mont 
Blanc 隧道 
 
39 死，毁车 34 辆，损
毁隧道 900m，交通中
断 3 年 
1996 
意大利·Isola delle 
Femmine 隧道 
大巴与罐车碰撞 
5 死 34 伤，毁车 20 辆，
损毁隧道衬砌和照明 
1993 
意大利·Serra a Ruoli
隧道 
车辆失控碰撞 
4 死 4 伤，毁车 15 辆，
严重损毁隧道衬砌 
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2. 铁路隧道火灾 
 在铁路隧道中，对于由车辆内部技术系统故障，如机械装置、电器系统、通
风系统故障等导致的火灾，通常容易被发现并及时扑灭；而对于车辆外部着火，
如液压系统、刹车过热等导致的火灾较难被发现且不易扑灭。相比于公路隧道，
铁路隧道和地铁隧道火灾由于乘客更多，更容易造成大量的人员伤亡。近年来国
内外发生的铁路隧道火灾事故如表1.2所示。 
表1.2 近年来重特大铁路隧道火灾事故[7-10] 
时间/
年 
隧道名称 起火原因 后果 
2008 英法·海底隧道 重型车辆着火 隧道损毁 650m 
2000 
澳大利亚·Kitzsteinhorn
隧道 
电热水器液压
油泄漏 
155 死 
1999 意大利·Salerno 隧道 烟雾弹 4 死 9 伤 
1998 
中国·贵州朝阳坝 2 号隧
道 
气罐泄漏爆炸 6 死 20 伤 
1996 英法·海峡隧道 涉嫌纵火 34 死，设施严重受损 
1991 中国·大瑶山隧道 吸烟 12 死 20 余人伤 
3. 地铁隧道火灾 
近年来国内外发生的地铁隧道火灾事故如表1.3所示，从表中可以看出，电路
系统故障是地铁隧道火灾事故的一个主要原因。与铁路隧道相比，由于地铁车厢
和站台内通常都有大量的乘客且地铁隧道截面积一般都比较小，因此，地铁隧道
火灾事故造成的人员伤亡往往更多，损失也更为惨重，例如2003年韩国大邱地铁
人为纵火引发的火灾造成了198人死亡，146人受伤的惨剧。 
表1.3 近年来重特大地铁隧道火灾事故[11, 12] 
时间/
年 
隧道名称 起火位置 起火原因 后果 
2004 俄罗斯·莫斯科地铁  恐怖袭击 
近 50死 100余
人伤 
2003 韩国·大邱地铁 列车内部 汽油纵火 198 死 146 伤 
2000 奥地利·萨尔茨州地铁  空调过热起火 155 死 18 伤 
1995 阿塞拜疆·Baku 地铁 车辆后部 电路故障 289 死 265 伤 
1991 俄罗斯·莫斯科地铁 车厢底部 电路故障 7 死 10 余人伤 
1990 美国·纽约地铁 地铁内部 电缆起火 20 死 200 伤 
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1.2 隧道通风排烟方式 
隧道内发生火灾时，火灾烟气具有很大的危险性，对隧道内人员构成严重威
胁，火灾时必须采取合适的措施控制烟气蔓延，以保障隧道被困人员的安全疏散
和消防人员的灭火救援工作开展。自然排烟和机械排烟是隧道内最主要的两种通
风排烟方式[1]。 
1. 自然通风排烟 
自然排烟，即不使用排烟风机等机械设备，完全依靠自然环境自然风和隧道
内汽车运行产生的活塞风将烟气排出隧道外。自然风向与汽车行驶方向不同可能
会产生不同的排除烟气效果，当二者一致时，有助于烟气的排出；当二者方向相
反时，则不利于烟气的排出。 
竖井自然排烟作为一种新兴的排烟方式目前正被越来越多的城市浅埋层隧
道所采用。这种排烟方式通过竖井产生的烟囱效应把烟气通过竖井排出，相比于
传统的自然排烟方式，竖井排烟压强差更大，能够达到更好的烟气控制效果。目
前，成都、南京等城市地下隧道已开始尝试采用竖井自然排烟的方式，并进行了
现场热烟测试与火灾实验，证明了通过隧道顶部开口进行自然排烟的可行性与有
效性，如图 1.2 所示。 
 
图 1.2 城市隧道竖井自然排烟方式 
2. 机械通风排烟 
纵向、全横向和半横向为三种典型的机械通风排烟方式。纵向排烟指采用轴
流风机或射流风机布置于隧道一端，形成沿隧道纵向的受迫气体流动，主要适用
于 2500m 以内的单向隧道和 1500m 以内的双向隧道。这种排烟方式工程造价相
对比较低，运营维护简单，但是排烟效果相对比较差。全横向排烟是指通过送风
风机和排烟风机协同作用在隧道横截面形成流动的通风排烟气流，这种排烟方式
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可以大大减小火灾烟气在隧道内的蔓延流动距离，排烟效果最好，但是其工程造
价与维护费用也较高，多用于大长公路隧道。半横向排烟是介于纵向排烟与全横
向排烟之间的一种折中的通风排烟方式，具有较好的排烟效果，多用于 3000m
左右的长隧道中。 
1.3 前人研究现状 
1. 受限火羽流研究 
火羽流动力学是火灾科学研究领域里最基础的研究内容之一。火羽流特征主
要包括火焰高度、振荡频率、燃烧速率、空气卷吸强度等，其中湍流扩散火焰的
高度受空气卷吸强度的影响，直接决定火源对外界的热辐射特性，其变化规律得
到了国内外学者的广泛关注与持续研究[13]。然而，相对于开放空间火灾，对于
隧道等狭长空间内的火焰发展特征及空气卷吸行为的研究仍较少，特别是随着横
向位置改变，火源受限程度增强，受限火羽流行为将表现出与开放空间显著不同
的特性[14-17]。当火源位于开放空间或房间中央时，羽流的竖向运动基本是轴对称
的。当火源靠近墙壁或者墙角时，固壁边界对空气卷吸的限制作用将显示出重要
影响，造成火焰向壁面偏斜。当火源贴壁时，火羽流仅能从开放侧卷吸空气，火
焰将沿侧壁向上蔓延。如果房间顶棚较高，火焰低于顶棚，此时浮力羽流将会撞
击顶棚并在顶棚下方水平蔓延，形成所谓的弱羽流驱动顶棚射流；如果房间顶棚
较低，或者火源功率足够大，火焰将会直接或者间歇性地撞击顶棚，并在顶棚下
方水平扩展，形成强羽流驱动顶棚射流。 
对于无顶棚时火源贴壁的情况，Zukoski [18]提出了计算火焰高度的镜像模型
（Mirror Model），该模型假设在墙壁的另一侧存在一个相同大小和功率的虚拟火
源，贴壁火的火焰高度可以认为与这两个火源在开放空间内的火焰高度相等。
Hasemi 等人[19]采用方形火源对贴壁火和墙角火的竖向温度分布和火焰高度进行
了研究，并将实验数据与镜像模型的预测值进行了对比，由于镜像模型并未考虑
侧壁对火焰湍流程度的影响，结果显示预测值与实验值的误差可达 30%。Poreh
等人[20]通过实验研究了贴壁火源的火焰高度并提出了两个简单的贴壁火火焰高
度的预测模型，火焰高度与火源功率的 2/5 次方成正比，但是模型的预测值相比
实验值会高估 15%。Mizuno 等[21]对比了带软垫的椅子在房间中心、贴壁以及墙
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角处的火源高度，并得到了火源高度与功率的经验关系式。此外，Tu 和 Quintiere 
[22]、Hasemi 等人[23]还开展了线性贴壁火火源高度的研究，发现对于线性火源火
焰高度与火源功率的 2/3 次方成正比。 
但是，前人的研究中多关注于贴壁无顶棚的工况，并未考虑火源与侧壁相对
位置变化对火焰形状及长度的影响，且对于隧道火灾来说，顶棚的存在同样会限
制火羽流的竖向扩展，对于隧道内不同火源横向位置，前人结论能否适用于仍需
进一步验证。 
2. 强、弱羽流驱动顶棚射流研究 
对于弱羽流驱动的顶棚射流，自上个世纪 50 年代以来，前人已经开展了大
量的研究[24-29]。其中最经典的是 Alpert 的研究[24]，Alpert 采用木材和塑料货板、
空的硬纸板盒、填充塑料的硬纸板盒和液体燃料等多种类型的燃料进行了大量的
顶棚射流火灾实验，其中火源功率范围为 600kW-98MW，顶棚高度范围为
4.6-18m，得到了浮力羽流撞击非受限顶棚时，顶棚下方的温度和速度分布关系
式。但是，Alper 公式仅适用于火源不受限或者火源与墙壁的距离大于 1.8 倍顶
棚高度的情况。Ji 等人[25]和魏涛[26]都通过实验证实，对于隧道火灾的情况，由
于隧道侧壁的限制，顶棚下方将会积累一定厚度的烟气层，相比于非受限顶棚来
说，此时顶棚下方热量不易散失，Alpert 公式的预测值会偏低。 
Kurioka 等人[27]开展了纵向风作用下的小尺寸隧道实验，得到了隧道火灾时
顶棚下方最高温升的预测关系式，Wang 等人[28]通过开展全尺寸实验验证了该关
系式的有效性。Li 等人[29]指出 Kurioda 公式仅能适用于隧道内纵向风速非常小的
情况，当纵向风速较大时，Kurioda 将变得不再适用，同时根据理论分析和小尺
寸实验提出了适用于不同通风速度条件下的顶棚下方最高温升预测关系式。 
但是，前人在研究中均把火源置于隧道中心线上，不考虑侧壁对火羽流的影
响，事实上，在真实的隧道中，火灾有可能发生在距离侧壁不同的横向位置处（如
图 1.3 所示）。当火源靠近甚至紧贴隧道侧壁时，侧壁会限制羽流自由卷吸空气，
将直接影响顶棚射流特征参数的分布规律。前人对于隧道内火源与侧壁不同距离
时，顶棚下方最高温升的变化规律仍缺少系统研究。 
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图 1.3 隧道内近壁火灾 
对于强羽流驱动的顶棚射流，前人的研究则相对较小[30-32]。由于此时撞击区
域处的温度要远高于环境温度，Heskestad 和 Hamada[30]在弱羽流驱动顶棚射流
研究的基础上提出采用顶棚处的羽流半径为特征长度，并通过开展顶棚非受限时
连续、间歇火焰顶棚射流实验拟合得到了强羽流驱动时顶棚下方温度的分布规律。
此外，Kung 等人[31]和 Zhang 等人[32]分别用货架火和射流火验证了 Heskestad 公
式对非受限强羽流驱动顶棚射流的适用性。 
但是，前人结论多是基于火源对称且顶棚非受限假设得到的，根据 1.1 节对
隧道火灾事故的分析可知，隧道顶棚相对较低，当火源功率较大时（如 HGV 火
灾），极易形成火焰沿顶棚下方的水平蔓延；特别是当火源靠近侧壁时顶棚射流
火焰将表现出明显的非对称性（如图 1.4 所示），此时，采用对称假设得到的结
果能否适用还需要更多的实验验证。 
 
图 1.4 真实隧道火灾内非对称顶棚射流火焰 
3. 竖井自然排烟研究 
城市浅埋隧道净高小、长度短，若采用深埋隧道常用的机械排烟，在施工等
方面有较大难度，因此，国内外一些城市浅埋隧道选择了更为环保、经济的竖井
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自然排烟方式（如图 1.2 所示）。目前已有部分学者对竖井自然排烟的可行性与
有效性进行了初步的研究。Wang 等人[33, 34]通过开展全尺寸实验对城市公路隧道
竖井自然排烟的效果与顶棚下方的烟气逆流长度进行了研究。Yoon 等人[35]对竖
井自然通风的压力进行了分析，结果显示竖井自然通风的压力可达机械通风的
29.26%，远高于无竖井时自然开口排烟的排烟压力，从而验证了采用竖井排烟的
可行性。Huang 等人[36]采用 FLUENT 模拟研究了地铁隧道竖井布置方式与竖井
尺寸对排烟效果的影响。茅靳丰等人[37]通过开展 1:10 的小尺寸实验证实排烟竖
井可以有效地排出隧道内的烟气与热量。范传刚[38]通过实验和数值模拟研究了
竖井倾斜角度、竖井何种分配方案等对排烟效果的影响。国际隧道火灾安全技术
会议学术委员会主席 Haukur Ingason 教授等[39]学者认为，问题难点在于影响这
种排烟方式效果的因素较多，包括外界风、环境温度、隧道几何形状（长度、截
面和坡度）、火源功率、火源与竖井相对位置、竖井几何形状（长、宽、高等）
等。可见，国内外相关研究还主要停留在特定隧道竖井自然排烟效果的经验分析
层面，未建立具有普遍指导意义的数学物理模型，结论难以推广。 
1.4 本文的研究内容 
本文在分析了隧道内受限火羽流和顶棚射流运动规律及火灾烟气流动过程
的基础上，采用理论分析、小尺寸模型实验与数值模拟相结合的方法对隧道内受
限火羽流行为特征和竖井自然排烟机理展开研究，主要包括以下三个方面的内容： 
首先，开展小尺寸实验研究了弱羽流撞击顶棚时不同火源横向位置下隧道侧
壁对火焰高度、羽流受限程度以及顶棚下方最高温度的影响。改变火源与侧壁的
距离分别为 1.0（位于隧道中心线上），0.75，0.5，0.4，0.3，0.2 和 0 米（贴壁
火），随着与侧壁距离的减小，羽流卷吸空气逐渐受限限制，火源受限程度增强，
导致火焰高度逐渐增大；特别是当火源贴壁时，羽流卷吸空气的过程受限最大程
度的抑制，相比与火源位于隧道中心线上的情况，火焰显著升高。此外，根据火
焰高度与火源功率的变化规律可以得到羽流卷吸系数 EF 的变化关系式，所谓卷
吸系数，即是指受限与非受限情况下卷吸入羽流中的空气质量流率之比。当火源
贴壁时，EF 的值为 0.46，说明卷吸入贴壁火的空气量只有火源位于隧道中心线
上时的 46%。正是由于火源贴壁时卷吸空气严重受限，才导致贴壁火火焰高度显
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著升高。对于弱羽流撞击顶棚的工况，火焰高度低于顶棚，在隧道结构的限制下，
顶棚下方会蓄积一定厚度的烟气层，相比于非受限顶棚来说，不同工况下隧道内
烟气层的属性会影响顶棚下方的最高温度。实验结果显示，与火焰高度变化规律
类似，随着火焰与侧壁距离的减小，顶棚下方最高温升变化不大，直至火源贴壁
时，顶棚下方最高温升显著升高。对于不同火源横向位置时顶棚下方最高温升的
变化规律，本文分别从火焰高度和隧道上部烟气层两方面的影响进行了研究。定
义了表征火焰功率相对大小的无量纲火源功率 * 'Q 并提出了将热烟气层对顶棚
下方最高温度的影响转化到的虚点源中的思路。结合量纲分析理论，分析得到了
火源贴壁和非贴壁情况下弱羽流撞击时顶棚下方最高温升的预测公式此外，通过
与前人在不同隧道截面形状、尺寸的全尺寸和小尺寸实验数据的对比很好的验证
了预测关系式的准确性并给出了其适用条件。同时需要指出的是，对于强羽流撞
击顶棚的情况（间歇/连续火焰撞击顶棚），顶棚下方最高温升的预测值会偏低。 
其次，开展小尺寸实验研究了强羽流撞击时顶棚下方火焰蔓延长度与顶棚射
流温度分布规律。分别设计了火源位于开放空间、火源贴壁（无顶棚）、火源位
于隧道中心线上、火源隧道内贴壁等 4 个系列不同火源受限程度的对比实验。实
验结果显示当火源位于隧道中心线上时，顶棚下方的火焰形状为圆形；然而当火
源位于隧道内贴壁时，顶棚射流火焰形状则变为半椭圆形，且由于火焰卷吸空气
的两种竞争作用机制，随着火源功率的增大，椭圆的长轴逐渐由垂直与侧壁转变
为与侧壁平行。最终基于量纲分析分别得到了沿隧道横向和纵向火焰蔓延总长度
随火源功率的变化关系式，并与前人的实验结果进行了对比验证。对于强羽流撞
击顶棚的情况（间歇/连续火焰撞击顶棚），通过与实现视频和顶棚下方温度数据
的对比分析，可以得到判断羽流撞击情况的两个临界温升值为 400K 和 600K，
当撞击点处温升∆T0<400K，400<∆T0<600K，∆T0>600K 时，分别对应于浮力羽
流、间歇火焰和连续火焰撞击顶棚。与火焰蔓延长度类似，隧道内贴壁火顶棚下
方的温度分布同样是非对称的，选取顶棚高度处的羽流半径为特征长度，可以分
别得到近火源区沿隧道横向和纵向的顶棚下方温升分布关系式。 
最后，开展小尺寸实验和数值模拟研究了竖井高度对城市公路隧道自然排烟
效果的影响及竖井自然排烟的机理。随着竖井的升高，自然排烟过程中会分别出
现两种特殊边界层分离和吸穿现象，它们都会减弱竖井排烟的有效性，影响排烟
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效果。当竖井较低时，在竖井上游与隧道顶棚连接处会出现非常明显的边界层分
离现象，导致竖井内部产生大尺寸的涡旋结构，造成一部分烟气回流入竖井，不
利于烟气排出。随着竖井的升高，边界层分离现象逐渐减弱直至消失，但是当竖
井过高时又会发生烟气层吸穿现象，此时排烟口下部烟气层厚度降为 0，导致大
量冷空气通过竖井直接排出，一方面减小了竖井的有效排烟比例，减弱了竖井排
烟效果，同时引起隧道内烟气层的失稳，不利于烟气控制与人员疏散。根据控制
竖井排烟过程的控制力分区，不同高度竖井的排烟过程可分为水平惯性力控制区、
竖直惯性力控制区与二者之间的过渡区。在过渡区内存在临界竖井高度，在此高
度下边界层分离可以得到明显的抑制同时又避免了吸穿的发生，可以达到最好的
排烟效果。基于对竖井自然排烟机理的分析，本文提出了判断临界竖井排烟效果
的临界 Ri’数判据，且 Ri’=1.4 时竖井自然排烟系统可以达到最好的排烟效果。 
1.5 本文的章节安排 
 本文的主要内容分为 6 个章节来阐述： 
 第 1 章为绪论。首先介绍交通隧道的发现现状与趋势、隧道火灾的发展特性
和隧道内主要的烟气控制方式。其次，对前人在隧道火灾领域的研究现状进行了
总结归纳，指出了前人在隧道内受限火羽流与竖井自然排烟机理方面研究的不足
之处。最后，介绍了本文的主要研究内容和具体的章节分配安排情况。 
 第 2 章是隧道火灾的模型实验设计。本章主要介绍了本文使用的相似比为 1:6
的小尺寸隧道实验台的设计方法。首先，介绍了建造小尺寸隧道实验台需要遵循
的 Froude 模型的基本相似准则。其次，介绍了实验台的结构、尺寸、材料等基
本情况，实验中采用的模拟火源种类，实验过程中的数据采集与记录系统以及实
验视频数据的处理方法。 
 第 3 章是火源横向位置对弱羽流驱动顶棚射流最高温度及火焰特征的影响。
首先，对于火焰低于隧道顶棚的实验工况，分析了隧道内不同火源横向位置时的
平均、最大、最小火焰高度随火源功率和位置的变化情况，并根据火焰高度的变
化规律研究了隧道内受限火羽流的卷吸系数。其次，对弱羽流撞击顶棚的实验工
况，研究了隧道内顶棚射流最高温升的变化情况。 
 第 4章是侧壁对强羽流驱动顶棚射流火焰蔓延长度及温度分布的影响。首先，
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对于开放空间、火源贴壁和火源位于隧道内等几种典型的火源受限情况下的火焰
蔓延规律及进行了分析。其次研究了火焰撞击顶棚时强羽流驱动的顶棚射流近火
源区的温度分布情况，考虑到火源贴壁时顶棚下方火焰长度、温度的不对称性，
分别研究了不同方向的温度分布规律。 
第 5 章是不同高度时隧道竖井自然排烟的机理研究。本章的研究采用小尺寸
实验同时结合计算机大涡模拟的方法开展，数值模拟可以提供实验过程中难以测
得的烟气运动流场显示结果。首先，介绍了竖井自然排烟时出现的两种特殊现象，
吸穿、边界层分离，并对二者的发生机理进行详细解释。其次，分析排烟口下方
的烟气温度、竖井上部的温度、速度数据，根据量纲分析原理，得到判断临界竖
井高度的 Ri’判据。再次，根据数值模拟的结果划分了竖井排烟的控制力分区。 
第 6 章是结论部分。对本文的主要研究结果与创新点进行了总结归纳。 
文章的最后部分是致谢和作者在读期间发表的学术论文、奖励等科研成果总
结。 
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第2章 隧道火灾的模型实验设计 
2.1 引言 
在隧道火灾动力学的研究中，实验研究是一种获得隧道火灾安全知识的非常
重要的手段[1]。从实验尺寸大小方面来说，隧道火灾实验可以分为全尺寸实验和
小尺寸实验。由于隧道特殊的狭长型结构，建造全尺寸隧道实验台需要消耗大量
的研究经费同样要占据较大的实验场地，又由于隧道火灾的破坏性，在实际隧道
内开展火灾科学研究的机会非常少。因此，隧道火灾的研究主要以基于 Froude
模型建立的小尺寸实验台研究为主[2-7]，根据流动相似理论[8-13]可以把小尺寸实验
的结果向全尺寸推广，同时由于实验台尺寸较小，又能够保证实验结果的精度以
及实验条件的可控。 
2.2 隧道实验台设计 
2.2.1 Froude 模型 
火灾研究中主要有类比模型、压力模型和 Froude 模型三种主要的尺度模型
[14-18]，不同的尺度模型适用于不同的研究场景。类比模型是利用两种不同密度的
流体介质来模拟火灾中的烟气流动情况，如用盐水实验的组合浓度场分布来模拟
火灾烟气的温度场分布。压力模型适用于受雷诺数（Re）影响明显的流动和燃烧
过程。而 Froude 模型则用于浮力驱动的火灾烟气的流动输运与传热问题，模型
实验在正常条件下进行，在隧道火灾研究领域中主要使用 Froude 模型。 
Froude 模型要求小尺寸模型实验与全尺寸原型间的无量纲火源功率 *Q 相同，
其实质为保持小尺寸模型与全尺寸原型的 Froude 数（Fr）保持不变[19]： 
 
2
*
2 2 2
f
p
V lQ m H V
Q Fr
T c gll gll gll gl

     

    (2.1) 
美国消防工程师手册（SFPE）[20]中指出，在通常情况下，当小尺寸模型的特征
尺度不小于 0.3m 时能够保证烟气的流动状态为湍流。根据流体力学理论可知，
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此时流动处于雷诺数 Re 的自模拟区，无需保持模型和原型中的 Re 相等即可满
足 Froude 模型相似。对于其它的无量纲参数，如表征热辐射、对流、热传导以
及组分扩散等的参数则往往不能都保持不变，需要根据各流动和传热过程的重要
性，保持起控制作用的参数不变。根据弗洛德模型，原型和模型之间重要参数的
比例关系如下[21-23]： 
 * *
F MQ Q   (2.2) 
 
5/2
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M M
Q l
Q l
 
  
 
  (2.3) 
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M M
m l
m l
 
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 
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F F
M M
V l
V l
 
  
 
  (2.5) 
 F MT T   (2.6) 
下标 F 表示原型参数，M 表示模型参数。 
2.2.2 隧道模型实验台 
1. 实验台设计依据 
为了使隧道小尺寸实验台的实验结果能推广到大部分的实际城市公路隧道
中，本节在确定隧道实验台几何尺寸时，对目前国内多个城市公路隧道进行了较
为广泛的调研，其结果如表 2.1 所示： 
表 2.1 城市公路隧道调研情况表 
隧道名称 孔数 单孔车道数 总宽度 行车宽度 高度 长度 
某城市市政公路隧道 2 3 12.35  5.75 1410 
北京八达岭隧道  3 12 10.5  1080 
深圳科苑立交隧道 4 3 12.44  5.89 76 
秦岭终南山 2 2 10.5 3.75*2 5 18400 
中铁二院  3 12.35  5.2 1770 
中铁十七局 3 3 13.5  5 5950 
南京富贵山双线公路 1 2  8 6.9 930 
南京鼓楼南北向隧道 2 2 10  7 1152 
南京玄武湖隧道 2 3 13.6  4.5 2660 
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北京圆之翰 1 2 10.88 8.9 5  
马山隧道  2  10.5 5 490 
西山隧道 2 4 14.75 10.5   
北京八达岭潭峪沟隧道  3 13.1  7.3 3455 
成都下穿隧道  4 16.75  5.4  
龙头山双洞八车道 2 4 18  8.95 1016 
九华山隧道 2     445 
南京中山门隧道 2 2 12.5    
根据上表对国内主要城市公路隧道的调研情况，本文选择单孔 3 车道，宽
度 12 米，高度 5.4 米作为公路隧道的代表性尺寸来确定相应的小尺寸实验台的
尺寸。 
2. 实验台介绍 
为保证实验台内烟气流动能够达到湍流流动状态，流动处于 Re 自模拟区，
实验台各个方向上的尺寸应不小于 0.3m。综合考虑以上各因素，并参考国内外
小尺寸隧道模型实验台的相似比，本节综合选取 1:6 的相似比例搭建实验台。 
隧道实验台包括两个部分，即隧道主体结构框架以及隧道顶部自然排烟竖井，
如图 2.1 所示。隧道主体结构框架尺寸为 6m（长）×2m（宽）×0.9m（高）；自
然排烟竖井包括竖井框架（0.3m×0.3m×1m）和尺寸为 0.3m×0.2m 的防火板和钢
化玻璃各 10 块，根据实验需要，可调整竖井高度分别为 0m、0.2m、0.4m、0.6m、
0.8m、1.0m。 
 
                  （a）隧道主体结构               （b）自然排烟竖井 
图 2.1 隧道实验台实物图 
如图 2.1 所示，实验台的顶棚、底面和靠墙的侧面均采用耐高温防火板，靠
第 2 章  隧道火灾的模型实验设计 
18 
近走道的侧面采用耐高温防火玻璃以随时观察记录实验过程中的羽流发展与烟
气流动情况，隧道两端敞开。 
2.3 测量与采集系统 
2.3.1 模拟火源 
本文选择了火灾实验中最广泛采用的油池和多孔燃烧器来模拟隧道火灾，分
别是甲醇液体油池火和丙烷气体燃烧器。 
1. 油池火 
对于甲醇油池火，实验过程中火源功率随时间变化，可以模拟真实火灾的起
始、发展、稳定、衰减等阶段。由于甲醇燃烧时不会产生明显可见的烟气，为了
能够观察烟气的分层与竖井排烟情况，实验过程中引入薰香作为烟气示踪剂来对
甲醇产生的不可见烟气进行示踪。同时，为了更加更加清楚的观测实验现象和方
便拍摄，使用下图所示的激光片光源对实验过程中的隧道纵向中心线截面以及竖
井中心截面进行照射。实验中使用的激光片光源能够输出波长为 650nm的绿光，
输出功率 5-10MW，如图 2.2 所示。实验时使用了 15cm×15cm、20cm×20cm、
20cm×25cm、25cm×25cm、25cm×30cm、30cm×30cm 等多种尺寸的矩形油池火。 
 
图 2.2 激光片光源 
液体油池火的火源功率可以通过测量燃料质量瞬时变化曲线来获得，根据燃
料的质量损失速率m ，燃烧效率 η（与燃料种类，火源处于环境等多因素有关），
和燃料完全燃料时的燃烧热 ΔH 来计算： 
 Q H m     (2.7) 
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油池的质量损失速率是通过电子天平来测量，甲醇的燃烧热为 19.93kJ/g，燃烧
效率一般取 1[24]。本文使用的电子天平为 Sartorius CPA34001S，测量范围 34 kg，
测量精度 0.1 g，采样间隔 1 s。天平尺寸 53.2cm（长）×31.3cm（宽）×12cm（高），
如图 2.3 所示。 
 
图 2.3 电子天平 Sartorius CPA34001S 
2. 气体燃烧器  
丙烷气体火可以保持比较稳定的火源功率且可以维持较长的燃烧时间，多用
于研究稳定燃烧阶段的火灾危险性。实验中使用边长为 15cm 的方形燃烧器，通
过玻璃转子流量计调节丙烷的流量大小，用来模拟不同的火源功率。丙烷的燃烧
热为 46.45kJ/g，燃烧效率取 1[25]。 
2.3.2 温度和速度测量 
1. 温度测量系统 
实验中的实时温度采集主要通过热电偶模块来实现。热电偶模型主要包括：
热电偶本体、补偿导线、数据采集模块（7018、7019 等），和数据转换器等组成。
本文实验中采用直径为 1mm 的 K 型铠装热电偶，测温范围 0-1300℃左右，如图
2.4 和 2.5 所示。 
 
图 2.4 K 型热电偶 
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   图 2.5 (a) M-7018；      (b) RS 485/232 转换器 
2. 速度测量系统 
热线风速仪是基于热耗散理论设计而成的，因其测量精度高而通常用来测量
气流速度。实验中采用日本加野麦克斯公司生产的四通道热线风速仪（Kanomax 
KA12）来测量气流速度，图 2.6a 为风速计本体，2.6b 为风速计探头，使用该型
热线风速仪可以测量来流风速的瞬时值、一段时间内的平均值和流动风速仪的购
销两旺。风速测量范围在 0-9.99m/s 之间，响应时间小于 1s，精度为 0.01m/s。 
 
图 2.6 (a) 风速计本体；             (b) 风速计探头 
2.3.3 视频采集与图像处理 
 实验中采用两台数码摄像机（DV）来拍摄火焰形态、烟气层厚度、竖井排
烟效果等实验现象。数码摄像机型号分别为 Sony HDR-PJ790E 和 Panasonic 
HDC-TM700（如图 2.7），视频采集时间间隔为 25 帧/秒。实验时两台摄像机分
别置于隧道实验台正面和侧面来记录实验现象。 
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图 2.7 (a) Sony HDR-PJ790E；  (b) Panasonic HDC-TM700 
本文采用闫维纲等[26]编写的图像处理软件来处理拍摄得到的视频，在狭长受
限空间内该方法的准确性已经通过大量的对比实验得到了验证[27-29]。主要过程如
下：选择合适的阈值，将 DV 拍摄的连续彩色图片转换为黑白二值图，计算二值
图中亮点的个数和区域，并按照亮点像素尺寸和实验空间尺寸之比换算得到火焰
高度、火焰蔓延长度、火焰面积等参数，如图 2.8 所示。 
 
(a) 视频拍摄图；  (b) 黑白二值图 
图 2.8 隧道内贴壁火顶棚下方火焰蔓延图 
2.4 本章小结 
本章针对本文所使用的研究方法，首先介绍了相似比为 1:6 的小尺寸实验台
设计的理论基础，给出了量纲和谐原理的主要内容并介绍了常用的相似准则数。
然后，介绍了该小尺寸实验台尺寸、结构与可实验的功能；对下方实验所要测量
的参数及实验台相关的数据采集系统进行了简要说明。 
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本章符号 
罗马字母 
cp    定压比热容 
Fr    Froude 数 
g    重力加速度 
H    燃烧热 
l    特征长度 
m     质量流率 
Q     火源功率 
*Q     无量纲火源功率 
Re    Reynolds 数 
T    温度 
T     环境温度 
V    速度 
希腊字母 
ρ∞    环境密度 
ρf    羽流密度 
     燃烧效率 
下标 
F    原型参数 
M    模型参数 
  
第 2 章  隧道火灾的模型实验设计 
23 
参考文献 
[1] 霍然, 胡源, 李元洲. 建筑火灾安全工程导论 [M]. 合肥: 中国科技大学出
版社, 1999.  
[2] 范维澄,王清安等. 火灾学简明教程[M].合肥:中国科学技术大学出版社,1995. 
[3] 孙晓乾. 火灾烟气在高层建筑竖向通道内的流动及控制研究 [D]. 中国科学
技术大学, 2009.  
[4] 张靖岩. 高层建筑竖井内烟气流动特征及控制研究 [D]. 合肥: 中国科学技
术大学, 2006. 
[5] 陆凯华.不同开口与侧墙限制边界条件下火焰溢出卷吸行为与火焰高度模型
研究 [D]. 合肥: 中国科学技术大学火灾科学国家重点实验室, 2015. 
[6] Quintiere J G, McCaffrey B J, Den Braven K. Experimental and theoretical 
analysis of quasi-steady small-scale enclosure fires[C]. Symposium 
(International) on Combustion. Elsevier, 1979, 17(1): 1125-1137. 
[7] Quintiere J, McCaffrey B J, Kashiwagi T. A scaling study of a corridor subject to 
a room fire[J]. Combustion Science and Technology, 1978, 18(1-2): 1-19. 
[8] Quintiere J G. Scaling applications in fire research[J]. Fire Safety Journal, 1989, 
15(1): 3-29. 
[9] Thomas P H. Dimensional analysis: a magic art in fire research?[J]. Fire safety 
journal, 2000, 34(2): 111-141. 
[10]  庄礼贤, 尹协远, 马晖扬. 流体力学[M]. 合肥: 中国科学 技术大学出版社, 
1997. 
[11]  王丰. 热力工程. 相似理论及其在传热学中的应用[M]. 高等教育出版社, 
1990. 
[12]  钟委. 地铁站火灾烟气流动特性及控制方法研究 [D]. 合肥: 中国科学技
术大学, 2007. 
[13]  纪杰. 地铁站火灾烟气流动及通风控制模式研究 [D]. 合肥: 中国科学技
术大学火灾科学国家重点实验室, 2008. 
[14]  De Ris J, Kanury A M, Yuen M C. Pressure modeling of fires[C]. Symposium 
(International) on Combustion. Elsevier, 1973, 14(1): 1033-1044. 
第 2 章  隧道火灾的模型实验设计 
24 
[15]  Alpert R L. Pressure modeling of fires controlled by radiation[C]. Symposium 
(International) on Combustion. Elsevier, 1977, 16(1): 1489-1500. 
[16]  Steckler K D, Baum H R, Quintiere J G. Salt water modeling of fire induced 
flows in multicompartment enclosures[C]. Symposium (International) on 
Combustion. Elsevier, 1988, 21(1): 143-149. 
[17]  Fleischmann C M, Pagni P J, Williamson R B. Salt water modeling of fire 
compartment gravity currents[J]. Fire Safety Science, 1994, 4: 253-264. 
[18]  Orloff L, De Ris J. Froude modeling of pool fires[C]. Symposium (International) 
on Combustion. Elsevier, 1982, 19(1): 885-895. 
[19]  涂然. 高原低压低氧对池火燃烧与火焰图像特征的影响机制[D]. 中国科学
技术大学, 2012. 
[20]  Mike J A. Smoke management in covered malls and atria. In SFPE handbook of 
Fire Protection of Engineering. Quincy, MA, National Fire Protection 
Association. 1995． 
[21]  范传刚. 隧道火灾发展特性及竖井自然排烟方法研究[D]. 合肥: 中国科学
技术大学火灾科学国家重点实验室, 2015. 
[22]  李颖臻. 含救援站特长隧道火灾特性及烟气控制研究[D]. 成都: 西南交通
大学, 2010. 
[23]  Li Y Z, Vylund L, Ingason H, et al. Influence of fire suppression on combustion 
products in tunnel fires. Fire Research, SP Report, 2015. 
[24]  Karlsson B, Quintiere J. Enclosure fire dynamics[M]. CRC press, 2000. 
[25]  Drysdale D. An introduction to fire dynamics[M]. John Wiley & Sons, 2011. 
[26]  Yan W G, Wang C J, Guo J. One Extended OTSU Flame Image Recognition 
Method Using RGBL and Stripe Segmentation[C]. Applied Mechanics and 
Materials. 2012, 121: 2141-2145. 
[27]  Gao Z, Ji J, Wan H, et al. An investigation of the detailed flame shape and 
flame length under the ceiling of a channel[J]. Proceedings of the Combustion 
Institute, 2015, 35(3): 2657-2664. 
[28]  Ji J, Yuan X, Li K, et al. Influence of the external wind on flame shapes of 
n-heptane pool fires in long passage connected to a shaft[J]. Combustion and 
第 2 章  隧道火灾的模型实验设计 
25 
Flame, 2015, 162(5): 2098-2107. 
[29]  Ji J, Fu Y, Li K, et al. Experimental study on behavior of sidewall fires at 
varying height in a corridor-like structure[J]. Proceedings of the Combustion 
Institute, 2015, 35(3): 2639-2646. 
  
第 2 章  隧道火灾的模型实验设计 
26 
 
第 3 章  火源横向位置对弱羽流驱动顶棚射流最高温度及火焰特征的影响 
27 
第3章 火源横向位置对弱羽流驱动顶棚射流最高温度及火
焰特征的影响 
3.1 引言 
近年来，世界范围内发生了多起公路、铁路隧道重大火灾事故，造成了大量
的人员伤亡和严重的隧道结构破坏，如 2014 年山西岩后隧道火灾事故，造成 40
人死亡；2006 年瑞士 Viamala 隧道火灾事故，造成 9 人死亡；2001 年瑞士 St. 
Gotthard 隧道火灾事故，造成 11 人死亡；1999 年法国和意大利间 Mont Blanc 隧
道火灾事故造成 41 人死亡[1, 2]等等。隧道内发生火灾时，浮力驱动的顶棚射流特
征参数，如顶棚下方温度、速度、有毒气体浓度以及烟气逆流距离和临界风速等
都是评估隧道火灾危险性的关键因素[3-8]。由于隧道狭长型结构的特殊性，火灾
高温热烟气容易在顶棚下方聚积且难以及时排除，这会对隧道结构的稳定性产生
极大的威胁。当隧道混凝土结构内的钢筋长时间暴露在高温烟气环境中，其强度
将会显著下降，最终可导致隧道局部结构的坍塌。因此，系统研究顶棚下方最高
温度的变化规律可为隧道结构防护和隧道内火灾探测装置的安装提供科学指导
与数据支撑。 
3.2 实验设计 
实验在第二章中介绍的小尺寸隧道模型实验台内进行，如图 3.1 所示。采用
甲醇油池火来模型火源，置于隧道左端出口 2m 处，实验中分别改变火源与内侧
侧壁的距离分别为 1.0, 0.75, 0.5, 0.4, 0.3, 0.2 和 0 m (贴壁火)。共采用 9 种尺寸
的方形/矩形油池火，对于方形油池，保持长边平行于隧道中心线。油池壁面高
2cm，每次实验放 1cm 厚的甲醇。 
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（a）实验台实物图 
 
（b）实验台示意图 
图 3.1 实验设备介绍 
根据 Harmathy[9]的半经验判据可以判定甲醇油池火在隧道内属于燃料控制
燃烧，也即是说在自然通风情况下，其燃烧速率主要取决于油池面积。此外，
Yi 等也[10]指出，当通风充足的情况下，甲醇池火在隧道内和开放空间条件下具
有相同的燃烧速率。因此，可以认为甲醇的燃烧速率与火源位置无关，下文采用
甲醇在开放空间条件下的燃烧速率来代替隧道内的值，如表 3.1 所示。热释放速
率的范围是 3.38-29.57 kW，根据 Froude 模型[11]，其对应于全尺寸火灾功率为
0.30-2.61 MW，用来模型城市公路隧道内早期的小汽车火灾[12]。 
表 3.1 甲醇油池火开放空间的热释放速率[13] 
序列号 
尺寸 
/cm × cm 
质量燃烧速率 
g/(s×cm2) 
热释放速率 
/kW 
1 10 × 10 0.0017 3.38 
2 15 × 10 0.00165 4.93 
3 15 × 15 0.00155 6.95 
4 20 × 15 0.00158 9.44 
5 20 × 20 0.00158 12.56 
6 25 × 20 0.00165 16.45 
隧道横截面 
第 3 章  火源横向位置对弱羽流驱动顶棚射流最高温度及火焰特征的影响 
29 
7 25 × 25 0.00162 20.21 
8 30 × 25 0.00159 23.80 
9 30 × 30 0.00165 29.57 
在隧道的正面和侧面各布置一个 DV 来记录不同火源横向位置和火源功率
时的火焰高度、火焰形态等实验现象，视频采集速率 25 帧/秒。火焰高度值根据
第二章中介绍的图像处理方法得到，同时采用 Zukoski 等人[14]提出的间歇率的定
义来定义最大、平均和最小火焰高度，它们分别对应于间歇率为 0、0.5 和 1.0
时火焰高度的值。顶棚下方的温度值采用 1mm 的 K 型热电偶来测量，在宽度方
向布置一热电偶串，距离隧道左端开口 2m，根据前期预实验的结果，所有热电
偶位于顶棚下方 15 mm (±1 mm)，如图 3.2 所示。更多的实验介绍，见参考文献
[13]。 
 
图 3.2 实验热电偶布置示意图 
3.3 火焰高度与空气卷吸系数 
3.3.1 理论分析 
湍流扩散火焰具有很强的随机振荡特性，火焰高度受多种因素的影响与制约，
难以通过基本的方程确定。相比于开放空间，火灾在隧道内的发展会受到隧道结
构的限制，特别是当火源贴的时其受限程度更强。本节通过量纲分析来确定影响
火焰高度的控制参数，从而得到火焰高度与控制参数的无量纲表达式。 
当火源位于隧道中心线时，火焰从各个方向上卷吸的空气基本是对称的，火
焰形状为近似的锥形。随着火源与侧壁距离的减小，靠近侧壁一侧卷吸空气受限
影响，侧壁对火源的限制作用也逐渐显现出来，不平衡的卷吸将导致火焰向靠近
侧壁的一侧倾斜。特别是，当火源紧贴侧壁时，羽流卷吸空气受到最大程度的限
隧道顶棚 
6 m 
2 m 
0.88 m 
2 m 
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制，火焰沿侧壁竖直向上蔓延，如图 3.3 所示。 
 
(a) 隧道中心线                          (b) 贴壁 
图 3.3 隧道内不同位置时的火焰形状示意图 
 从受力分析的角度来说，火焰体主要受竖直向上的热浮力和卷吸空气引起的
水平惯性力作用。其中，热浮力与火源功率和尺寸有关；水平惯性力则取决与空
气卷状况，其不仅与火源功率和尺寸有关，还受火源不同受限程度的影响。浮力
越大，火焰高度越高；而惯性力越大，越多的空气被卷吸入火焰，导致火焰高度
降低。因此，火焰的形状和尺寸取决于浮力与惯性力的相对大小。 
 作用在火焰微元 dz 上的浮力可以表示为： 
 d ( )f g dz s      (3.1) 
其中，ρ∞是空气密度，ρ是羽流密度, g 是重力加速度, s 是羽流面积。对于甲醇、
乙醇等清洁燃料，其燃烧效率可近似认为是 1[15]。 因此，在高度 z 处火焰的热
量可以表示为， 
  = =     p pQ c m T c s u T T  (3.2) 
其中 cp 是定压比热，T 是火焰温度，T∞是环境温度，∆T 是二者的温升，u 是高
度 z 处的气体速度，?̇?是质量流率。根据理想气体状态方程，∆T 可以表示为， 
 




 T T  (3.3) 
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McCaffrey
[16]根据实验数据和量纲分析得到了火焰内部的气体上速度关系式，在
连续火焰区， 
 
1 26.8u z  (3.4) 
联立公式 3.1-3.4 可得， 
 
1/26.8 
 
p
Qg dz
df
c T z
  (3.5) 
将公式 3.5 在火焰高度上积分，得到火焰体受到的浮力表达式为： 
 1/2
3.4
f
p
gQ
f L
c T
   (3.6) 
其中，Lf 是平均火焰高度。 
当环境空气被卷吸入火焰中后，可以近似认为水平卷吸入火焰中空气的速度
降为 0，则作用在火焰微元 dz 上的由卷吸空气引起的水平惯性力可以表示为， 
 ( )dF d mv  (3.7) 
Thomas
[11]等提出了适用于火焰区的羽流质量流率经验关系式，该关系式的有效
性得到了 Hinkley[17]的验证并且被广泛使用， 
 
3 2m( ) 0.188z Pz  (3.8) 
其中，P 是火源周长，z 是距火源表面的高度。根据理想羽流模型[15]，可以认为
火焰边缘空气卷吸速度与火焰中心线速度成正比，则空气卷吸速度可以表示为
v=αu, α是卷吸系数，可以根实验数据确定。将公式 3.4、3.8 代入公式 3.7，同时
在火焰高度方向进行积分，可以得到水平惯性力表达式为： 
 
L
2
0
=0.32
f
fF mdv vdm PL   (3.9) 
湍流扩散火焰的几何形状可以用火焰高度 L 与火源直径 D 的无量纲比值来表示
[15]，根据以上分析可知火焰高度与竖向热浮力与水平惯性力的比值直接相关，
则， 
 
3/2
f
p f
L f gQ
D F c T PL
   (3.10) 
公式 3.10 可以简化为： 
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2/5*f
L
Q
D
   (3.11) 
其中,  
2/5
1.5= g  

, * 1/2 5/2  pQ Q c T g D 。 
可以看到，无量纲火焰高度应当与无量纲火源功率?̇?∗的 2/5 次方成正比。从
推导过程可以看出，上述公式并没有直接考虑顶棚对火焰的影响，对于火源功率
足够大时火焰撞击顶棚的工况，火焰的形状及其蔓延行为将直接受顶棚的限制作
用，上述公式并不适用。对于火焰低于顶棚的情况，比例系数 γ的大小取决于火
源在隧道内受限程度，与火源功率、隧道截面尺寸、火源横向位置等多种因素有
关，下文将通过不同工况下的实验数据来求得 γ的值。 
3.3.2 火焰高度 
 根据 3.2.1 节理论分析的结果，不同火源横向位置时的无量纲火焰高度 Lf/D
与无量纲火源功率?̇?∗的变化关系如图 3.4 所示，图中最大、平均和最小火焰高度
分别标记为空心、实心和部分空心形式。从图中可以看出，当火源位置一定时，
Lf/D 随?̇?∗的增大而增大。随着火源逐渐靠近侧壁，火焰并未发生明显倾斜，Lf/D
稍有增大，火源位置变化对 Lf/D 的影响并不明显。前人在对于墙角火的研究中
也发现[18]，当火源与墙角有一定的距离时(5 cm 和 10 cm)，墙壁的限制对火焰并
没有明显的影响。但是，一旦火源与侧壁的距离减小为 0，即火源贴壁时，火焰
高度显著升高并达到最大值。原因就在于当火源贴壁时，侧壁对火源的限制程度
达到最大，此时只能从另外三个方向卷吸空气，因此燃料需要蔓延更长的距离以
达到完全燃料。 
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图 3.4 隧道内不同火源横向位置时的火焰高度变化情况 
 在双对数坐标系下，实验数据显示 Lf/D 与?̇?∗具有很好的线性关系且斜率等于
0.4，与 3.2.1 节理论分析结果以及 Hasemi 等[19]的无顶棚贴壁火火焰高度预测关
系式一致，从而验证了理论分析过程的可靠性。根据图中不同横向位置下火焰高
度的变化规律， Lf/D 可以大致分为三个区域，即火源位于隧道中心线(d/H=1.11)、
中心线与侧壁之间(0.22≤d/H≤0.83)以及火源贴壁(d/H=0)，d 和 H 分别为火源与侧
壁的距离和火源表面与顶棚的距离。对实验数据进行线性拟合，得到 L/D 与?̇?∗的
变化关系式为： 
 *2 5
fL D Q  (3.12) 
其中，γ是与火源受限程度和火焰定义有关的比例系数，不同工况下 γ的值如表
3.2 所示。对比火源位于隧道中心线和贴壁时的火焰高度，由于受侧壁的影响，
火源贴壁时最大、平均和最小火焰高度分别增加 48%、66%和 47%，可以看出，
贴壁火能够造成火焰高度显著地升高，大大增强火灾的危险性。同时，以隧道中
心线上的火焰高度为基准，根据镜像模型计算得到了隧道内贴壁火的火焰高度预
测值。与实验结果对比显示，镜像模型对最大、平均和最小火焰高度分别低估了
11%、21%和 10%。 
表 3.2 不同工况下 γ的值 
火焰高度定义 d/H=1.11 0.22≤d/H≤0.83 d/H=0 镜像模型(贴壁火) 
最大 2.95 3.47 4.37 3.89 
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平均 1.29 1.48 2.14 1.70 
最小 0.59 0.69 0.87 0.78 
 图 3.5 给出了火源位于隧道中心线上时的火焰高度与前人在开放空间内的结
果进行对比，包括 Heskestad [20] Zukoski[14]关系式以及 Cox 等人[21]和 Zukoski 等
人[14]的实验数据。可以看到，前人在开放空间的结果和我们的实验数据具有相
同的变化趋势，且分布在最大和平均火焰高度之间。考虑到不同研究者实验环境
条件、火源种类、火焰定义等的差别，图 3.4 中不同研究者火焰高度的偏差是可
以接受的。 
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图 3.5 与前人结果进行对比（火源位于隧道中心线上） 
 此外，我们把火源在隧道内贴壁时的数据与 Hasime 关于贴壁火的关系式[19]
以及镜像模型的预测值进行了对比，如图 3.6 所示。从图中可以看出，根据 Hasemi
公式得到的火焰尖的高度值略小于最大火焰高度 Lfmax，连续火焰高度的值与平均
火焰高度值 Lf 基本完全一致。在本文的研究中，我们根据间歇率的大小来定义
火焰高度[14]，同时采用图像处理的方法来得到火焰高度的值，最大、平均、最
小火焰高度分别对应于间歇率 0、0.5 和 1.0。而在 Hasemi 等人[19]的研究中，火
焰高度是根据目测读数的平均值计算得到的，其中火焰尖部高度的平均值定义为
火焰尖的值，连续火焰部分的平均值就定义为连续火焰高度的值。因此，考虑到
不同的数据处理方法和火焰高度定义，隧道内贴壁火的实验数据与 Hasemi 公式
的预测值符合的较好。同时可以看出，对于最大、平均和最低火焰高度，镜像模
型的预测值均在一定程度上偏低，从而证实了镜像模型的局限性[19, 22]。 
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图 3.6 与前人结果进行对比（火源位于隧道内贴壁） 
3.3.3 羽流卷吸系数 
 根据前文的分析可知，火焰形状与火焰高度的变化规律与火源与侧壁的距离
也既是火源的受限程度直接相关。随着火源向侧壁靠近，由于侧壁的影响，空气
卷吸过程逐渐受到限制；特别是当火源贴壁时，火源贴壁一侧无法卷吸空气，火
源受限程度最强。 
Poreh 等人[22]考虑了侧壁对空气卷吸过程的影响，并提出了无顶棚贴壁火火
焰高度预测公式： 
  2 3 2 5EF * /fL D k Q D  (3.13) 
其中，k*是与开放空间火焰高度有关的常数；EF 是卷吸系数，定义为受限情况
下空气卷吸量与开放空间空气卷吸量的比，EF 越小说明火源的受限程度越强。
公式 3.13 显示，火焰高度 Lf 与 EF
2/3 成反比，即火源受限程度越强，火焰高度越
高，与 3.2.3 节的实验结果一致。 
将公式 3.13 两端同时乘以  
2/5
1 C pT g ，无量纲化得， 
 
2 5 2 52 5
2 3 2 5
5/2
1 1
EF * * *
C C
f
p p
L Q
k k Q
D DT g T g    
     
               
 (3.14) 
公式 3.14 可简化为， 
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 
 
 (3.15) 
 可以看到，公式 3.15 与 3.2.2 节理论分析部分得到的公式 3.11 具有相同的形
式。Yi 等人[10]指出在补风充足的情况下，甲醇火在狭长隧道内的燃烧速率与开
放空间近似相同。因此，接下来我们以火源位于隧道中心线上的工况为基准，近
似认为此时 EF=1，可以计算得到 k*的值为 0.077。对比公式 3.12 和 3.15 可以得
到不同受限程度下的卷吸系数 EF 的表达式为： 
 
3/2
2 5
2 5 1EF= * *
C
f
p
L
k Q
D T g 
  
  
    
  (3.16) 
根据不同工况下的火焰高度数据可以拟合得到不同火源横向位置时的卷吸系数
EF 值，如图 3.7 所示。 
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图 3.7 火源与侧壁不同距离时的卷吸系数 
Hansell 
[24]提出卷吸系数 EF 应该等于火源的有效周长与总周长之比，从而对
于方形火源，开放空间 EF 等于 1，贴壁火 EF 等于 0.75。Poreh 等人[25]指出开放
空间火焰区内质量质量流率与 Q2/5 成正比，根据镜像模型贴壁火的 EF 可以计算
为    
2/5 2/51
2
2
0.66 Q Q 。此外，Zukoski 等人[23]通过实验测得了无顶棚时贴
壁火的卷吸系数为 0.57，该实验测量值比 Hansell 和 Poreh 的预测结果都要低，
如图 3.7 所示。可以看出，随着火源靠近侧壁，EF 值有逐渐变小的趋势，但是
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EF 与火源和侧壁距离 d 的变化关系是非线性的。当火源位于隧道中心线和侧壁
之前时，EF 随 d 变化很小，基本稳定在 0.8 左右，说明在此范围内(0.22≤d/H≤0.83)
火源受限程度变化不大，此时卷吸进入羽流中的空气是隧道中心线上时的 0.8倍。
但是，当火源贴壁时，EF 显著下降为 0.46，隧道内贴壁火(d/H=1.11)时卷吸进入
羽流中的空气只有中心线时的 46%。此外，可以发现，隧道内贴壁火的卷吸系数
要小于无顶棚贴壁时的值，说明在隧道内，即使对于火焰低于顶棚的较小功率火
源，顶棚和侧壁共同的限制作用确实要强于无顶棚时火源贴壁的情况。从图中还
可以看出，镜像模型的预测值（0.63）要明显大于火源隧道内贴壁时的实验值
（0.46），因此，正是由于镜像模型低估了火源的受限程度才导致图 3.6 中镜像模
型的火焰预测值偏低。 
3.4 火焰高度对顶棚下方最高温度的影响 
3.4.1 顶棚下方最高温升 
 图 3.8 给出了不同火源横向位置和功率时，顶棚下方最高温升的变化关系。
其中，顶棚下方最高温升 ΔTmax 的值是通过对燃烧稳定阶段（350-450s）的温度
值求平均得到的。从图中可以看出，随着火源功率的增大，ΔTmax 逐渐升高；在
一定的火源功率下，当火源与侧壁的距离 d 从 1.0m 减小到 0.2m 的过程中，ΔTmax
缓慢增大；但是火源贴壁时（d=0m），ΔTmax将会显著升高。 
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图 3.8 不同工况下顶棚下方最高温升 
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 显然，顶棚下方最高温升ΔTmax的变化规律与火源和侧壁的距离d直接相关，
当火源贴壁时，隧道结构对火源的限制作用达到最强，其主要表现在两个方面：
其一，根据 3.3 节的实验结果可知，随着火源与侧壁距离的减小，火源受限程度
增强，火焰高度增大，此时，火焰尖与顶棚的距离减小，导致顶棚下方的温度升
高。其二，顶棚下方的温度值还与隧道内烟气的运动形式直接相关。羽流撞击顶
棚之后会在顶棚下方沿径向蔓延，当 d 比较小时，径向蔓延的烟气受到壁面阻挡
会后沿侧壁向下运动，但是，由于热烟气的温度高于环境温度，它同时会受到与
运动方向相反的浮力的作用，这部分沿墙壁向下运动的流体被称为反浮力壁面射
流[26-28]。最终，这部分流体在竖直向上浮力的作用下向下运动一段距离之后速度
降为 0，并在浮力的作用下向火源方向回流。回流的烟气将会浸没入隧道上部的
热烟气层中，相比于无侧壁影响的情况，会有更多的热量聚积在顶棚下方且不易
散失，导致顶棚下方的温度升高。特别是当火源贴壁时，受侧壁的阻挡，大量的
烟气会回流到火源正上方，导致顶棚下方最高温度显著升高。对于非贴壁火，根
据图 3.8 可知，由于火源与侧壁的距离足够远（0.2-1.0m），不同火源横向位置时
反浮力壁面射流的影响相比于贴壁火要弱很多，且随着火源与侧壁距离的增大而
减弱，当火源位于隧道中心线上时回流烟气对顶棚下方最高温度的影响可以忽略
不计，这一结果与 Ji 等人[29]在小尺寸地铁实验台内的结果一致。接下来，本文
将分别从火焰高度和热烟气层厚度两方面来阐述不同火源横向位置条件下顶棚
下方最高温度的变化规律。 
3.4.2 顶棚下方最高温升的预测关系式 
 根据前文的分析可知，顶棚下文最高温升与火源功率Q、火焰高度 Lf、火源
与侧壁的距离 d 以及有效顶棚高度 Hef 有关，本文定义有效顶棚高度为火源表面
到隧道顶棚的距离。图 3.9 给出了顶棚下方最高温升与无量纲有效顶棚高度 Hef/Lf
之间的关系，Hef/Lf 表征隧道顶棚与火焰的相对高度。 
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图 3.9 顶棚下方最高温升与无量纲顶棚高度之间的关系 
 从图中可以看出，ΔTmax 与 Hef/Lf 表现出明显的与火源位置直接相关的属性。
同样地，当火源位于隧道中心线上时 ΔTmax最小，火源贴壁时 ΔTmax最大，当火
源位于隧道中心线和侧壁之间时 ΔTmax随火源位置的改变变化不大。在双对数坐
标系下，ΔTmax随 Hef/Lf的增大线性减小，根据实验数据可以拟合得到： 
 
5/4
ax
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m
eT
f
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

 
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 
  (3.17) 
其中 α是与火源位置有关的常数，可以根据实验数据来确定。 
 将公式 3.17 代入 3.12 中，可以得到顶棚下方最高温升 ΔTmax与无量纲火源功
率、火源尺寸、有效顶棚高度之间的关系式： 
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5/4 *1/2
ma
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 
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 
  (3.18) 
定义修正的无量纲火源功率 * 'Q 用来表征火源功率相对于隧道尺寸的大小： 
 * ' 5/2ef/ pQ Q c HT g    (3.19) 
则公式 3.18 可以简化为： 
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  (3.20) 
其中 δ是综合考虑了各因素影响的常数，可根据实验数据获得。 
 ΔTmax与
* 'Q 的变化关系如图 3.10 所示。从图中可以看出，ΔTmax与
* 'Q 在双
对数坐标系下呈线性关系，且不同火源位置的数据具体具有较好的收敛性。当火
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源不贴壁时（d = 0.2-1.0 m），图 3.10 中 ΔTmax基本上与位置无关；当火源贴壁时
（d = 0 m），由于火源受限程度增强，ΔTmax则显著升高。因此，根据图 3.10 中
的变化关系，同时考虑火源位置的影响，可以分别得到火源强、弱受限程度下的
顶棚下方最高温升预测关系式： 
 
* ' * '
*
1/2
max 1/ ' 2
1000 ,0.22<d <1.11& 0.04
1318 , 0                                 
ef
ef
H
H
T
Q
d
Q
Q
 
  

  (3.21) 
需要指出的是，公式 3.21 仅适用于火源功率较小，火焰尚未撞击顶棚的情况。
随着火源功率的增大，顶棚下方受限火羽流将分别经历浮力羽流撞击顶棚、间歇
火焰撞击顶棚和连续火焰撞击顶棚等三个阶段，对于连续火焰撞击顶棚的情况，
此时顶棚下方的最高温度应是火焰温度。对于公式 3.21 的适用范围，下方会作
进一步的分析。图 3.11 给出了本文实验工况范围内最大的火源功率下（29.57 kW），
火源贴壁时的连续多帧火焰图片。可以看出，火源功率 29.57 kW 时贴壁火的火
焰高度非常接近顶棚，根据图 3.4 的结果可知，火源贴壁时的火焰高度最高，因
此，可以确认在本文采用的所有实验工况下，火焰都是低于顶棚的，为浮力羽流
（弱羽流）撞击顶棚。 
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图 3.10 顶棚下方最高温升与修正的无量纲热释放速率之间的关系 
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图 3.11 火源功率 29.57 kW 贴壁火的连续多帧火焰图片 
3.4.3 与前人实验结果的对比 
为了验证公式 3.21 的有效性，下文分别把公式的预测值与实验测量值以及前
人的研究结果进行了对比。图 3.12 给出了公式 3.21 的预测值与实验测量值的对
比结果，从图中可以看出，公式的预测值与实验测量值符合的很好，可以比较准
确的预测本文实验工况下不同火源功率和横向位置时的顶棚下方最高温升。 
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图 3.12 预测值与实验值的对比情况 
 对于顶棚下方最高温升，Alpert[30]提出了非受限顶棚下方最高温升的表达式；
对于火源位于隧道中心线上的情况，Li 等人[31]提出了预测顶棚下方最高温升的
关系式，当无量纲风速小于 0.19 时，可以认为外界风对顶棚温度的影响可以忽
略不计。图 3.13 分别给出了 Alpert 和 Li 等顶棚下方最高温升关系式的预测值与
本文实验测量值的对比结果。从图中可以看出，由于 Alpert 的预测公式是针对非
受限顶棚的情况，此时顶棚下方并无烟气层蓄积，因此 Alpert 预测值会偏低。
Li 的预测值比 Alpert 的预测值略高，接近于火源位于隧道中心线上的实验值。
但是随着 d 的减小，随着火源受限程度的增强，实验值与预测值的偏差也越来越
大，特别是当火源贴壁时预测值与实验值的偏差达到最大。显然，前人的预测公
式并未考虑隧道侧壁对顶棚下方最高温升的影响，对比图 3.12 和 3.13 可知，由
于没有考虑隧道侧壁对火源的限制作用，Alpert 和 Li 的公共都不适用于火源横
向位置偏离隧道中心线的情况，而本文提出的公式 3.21 则能够更好的预测火源
位置改变时顶棚下方的最高温升。 
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图 3.13 不同火源位置时的实验值与 Li 等和 Alpert 公式预测值的对比 
如图 3.13 所示，当火源没有贴壁时，ΔTmax随火源位置的变化并不明显，说
明在本文的实验工况下火源受限程度变化不大。但是火源的受限程度除了与火源
位置有关之外还与火源功率和隧道尺寸的相对大小有关。考虑极限情况，当火源
位置一定时，随着功率的增大，由于隧道几何尺寸是固定的，羽流卷吸空气的受
限程度相应的会逐渐增强，此时，公式 3.21 能否适用还需要更多实验数据的验
证。除本文的实验结果之外，图 3.14 同时给出了 Ingason 等人[32]和 Li 等人[31]三
个小尺寸隧道的实验结果以用来验证公式 3.21 在更大的修正无量纲火源功率
* 'Q 范围内的适用性。需要说明的是，对于 Li 等的实验数据，图中仅列出了无量
纲速度小于 0.19 时的实验结果，在此条件下，纵向风对顶棚下方温度的影响可
以忽略。对这三个小尺寸实验的实验条件简单说明如下：Ingason 等人[32]使用的
小尺寸隧道高 1.0m，宽 2.0m，长 20m，采用两种尺寸的煤油油池火，火源位于
隧道中心线上，距离端部 2.5m。Li 等人[31]的实验是在两种截面尺寸的小尺寸隧
道实验台内进行的，分别为 Tunnel A 和 Tunnel B，同样地，火源位于隧道中心
线上，采用两种尺寸的丙烷多孔燃烧器来模拟隧道火灾。 
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图 3.14 与前人小尺寸实验数据对比 
 图中两条直线表示公式 3.21 的预测值，从图中可以看出，Ingason 和 Li 的实
验结果基本上主要分布于两条线之间，它们分别表示相同 * 'Q 范围内火源贴壁
（火源受限程度较强）和不贴壁（火源受限程度较弱）时顶棚下方最高温升的预
测值。在 Ingason 和 Li 的实验条件下， * 'Q 的值更大，是对现有实验数据的良好
补充，使得我们可以在更大范围内验证公式 3.21 的适用性。 
 当 * 'Q 小于 0.04 时，考虑到不同研究者实验台尺寸、环境条件等的差异，前
人的实验结果与公式 3.21 非贴壁火的预测值符合的较好；当 * 'Q 在 0.04-0.1 的范
围内时，火源功率相比于隧道尺寸的相对大小更大，火焰更加接近（甚至撞击）
顶棚，在这种情况下，对于非贴壁火，公式 3.21 的预测值与实验值的偏差逐渐
增大；当 * 'Q 大于 0.1 以后，相对火源功率更大，火焰对顶棚温度的影响更大，
火源受限程度也更强，此时前人的实验结果接近公式 3.21 对贴壁火的预测值。
因此，可以得出结论，对于不同的火源横向位置，当火源位于隧道中心线上时，
该位置火源的受限程度最弱，顶棚下方最高温升 ΔTmax 与
* 'Q 的变化关系可以分
为 * 'Q <0.04，0.04≤ * 'Q <0.1 和 * 'Q ≥0.1 等三个阶段，分别对应于较弱、中等和较
强的火源受限程度。当 * 'Q ≥0.1 时，相对火源功率过大，顶棚下方的温度已经达
到 400℃以上，此时间歇火焰撞击顶棚，ΔTmax 在很大程度上受火焰间歇撞击的
影响。 
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至此，可以对公式 3.21 的适用性与有效性作进一步的说明。当火源贴壁时，
从图 3.11 可知，本文选取的功率范围足够大（火源功率 29.57 kW 时，火焰已接
近撞击顶棚），公式 3.21可以较为准确地预测弱羽流撞击时顶棚下方的最高温升。
而对于非贴壁火，从图 3.14 可知，当 * 'Q <0.04 时，在 0.22 < d/Hef <1.11 范围内，
公式 3.21 可以得到的较好的预测结果；当 * 'Q >0.04 时，随着相对功率的增大，
火源受限程度增强，公式 3.21 逐渐变得不再适用。在选取使用公式 3.21 时，明
确这些限制条件非常重要。 
 前文给出的顶棚下方最高温升的实验数据是火源在稳定燃烧阶段内的平均
值，在隧道火灾的整个发展阶段内，顶棚下方瞬时温度的变化是另一个需要研究
的重要问题。基于稳定阶段实验数据得到的公式 3.21 能否适用于瞬时温升结果
的预测，同样需要进一步的验证。图 3.15 以火源功率 29.57 kW 为例，分别给出
了火源位于隧道中心线上和贴壁两种典型工况下不同时刻公式 3.21 的预测值与
实验瞬时测量值的对比结果。 
 从图中可以看出，当火源位于隧道中心线上时，预测值与实验值在稳定燃烧
阶段和衰减阶段符合的较好，但是在初始燃烧阶段预测值与实验值有一定程度的
偏差。对于贴壁火，在整个燃烧阶段，相比与测量值，预测值都偏高。在初始燃
烧阶段（0-250 s），二者的偏差在 30-50℃左右，随着燃烧进入稳定阶段，偏差减
小为 20℃左右，在衰减阶段，偏差又表现出缓慢增大的趋势。对于贴壁火，燃
烧初始和衰减阶段较大的衰减很可能是由于隧道上部烟气层的影响造成的。如前
所述，本文提出的预测顶棚下方最高温升的公式是基于稳定燃烧阶段的数据得到
的，在此阶段内火灾充分发展，顶棚下方的烟气层最厚。Motevalli 和 Ricciuti [33]
实验发现受限空间上部蓄积的烟气层会增大顶棚温度并增强对热烟气与顶棚之
间的热传递。相比与稳定燃烧阶段，在火灾初始燃烧和衰减阶段顶棚下方的烟气
层要薄很多，其对顶棚下方温度的影响当然也较小，因此，基于稳定阶段的实验
数据得到的公式 3.21 的预测值偏高。 
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(a) 火源位于隧道中心线 
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(b) 火源贴壁 
图 3.15 顶棚下方最高温升的预测值与瞬时测量值的对比（稳定阶段火源功率
29.57 kW） 
3.5 热烟气层对顶棚下方最高温度的影响 
3.5.1 等效虚点源 
 如前所述，相比于非受限顶棚或者火源距侧壁较远的情况来说，贴壁火受侧
壁阻挡回流到火源正上方的烟气将导致顶棚下方温度升高。但是，在浮力羽流撞
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击顶棚的过程中受限顶棚的限制，羽流运动方向由竖直向上转变为水平蔓延，这
个过程中将会产生大量的能量损失，因此，下文将通过对比顶棚高度处实验测得
的最高温升与开放空间羽流中心线温升来综合分析热烟气层对顶棚射流最高温
度的影响。 
 根据 Heskestad 模型[34]，在浮力羽流区，羽流中心线温升可以表示为： 
  
1 3
5 32 3
0 02 2
=9.1
g 
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 
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p a
T
T Q z z
c
  (3.22) 
 2 5
0 0.083 1.02z Q D    (3.23) 
其中，z0 是虚点源高度，D 是火源直径（对于方形/矩形火源，取等效直径），T∞，
ρ∞，cp 分别是环境温度、密度和定压比热容，Q是总的热释放速率， cQ 是对流
热释放速率。当燃料为甲醇时，Q和 cQ 基本相等
[15]。对于贴壁火，下文采用镜
像模型[35]来处理，即认为在墙壁的另一侧存在一个相同功率的虚拟火源，贴壁
火的羽流中心线温升可以近似认为与无侧壁时真实组合火源的羽流中心线温升
相等。 
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(a) 火源不贴壁 
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(b) 火源贴壁 
图 3.16 顶棚下方最高温升的实验测量值与顶棚高度处羽流中心线温升对比 
实验测量的顶棚下方最高温升与相同高度处开放空间羽流中心线温升的对
比结果如图 3.16 所示。图中实心标志为计算值，空心标志为实验测量值。从图
中可以看出，所有工况下羽流中心线温升的计算值都要大于实测值，且随着火源
功率的增大而增大。主要可能是因为羽流撞击顶棚由竖直向上运动转变为水平轴
向蔓延的过程中有较大的能量损失，同时羽流结果的不稳定导致更大的空气卷吸
增量，同时热烟气还会通过热对流、传导向顶棚散失一部分热量，这些因素的综
合作用导致羽流温度的降低。由于隧道顶棚和侧壁的限制，隧道上方最终会形成
一定厚度的热烟气层，而顶棚下方的最高温升当于烟气层的特征参数直接相关，
受多种因素的影响，比如烟气层的空气卷吸系数、隧道几何尺寸、烟气层厚度、
火源位置、热释放速率等等。因此，很难直接研究不同工况下的烟气层属性对顶
棚下方最高温度的影响。 
 虚点源的概念是火灾科学研究中常用的一种等效思路，将具有一定的水平或
者竖向尺寸的真实火源等效为一个虚拟的点源，根据虚点源的位置来计算羽流的
参数[34]。参考虚点源的思路，本文提出一个修正的虚点源的概念，目的是将隧
道内由于顶棚和侧壁限制导致的蓄积烟气层对顶棚温度的影响归结到虚点源位
置这一单一参数上来，通过量纲分析和实验数据对公式 3.23 开放空间虚点源位
置进行修正来得到隧道内浮力羽流撞击顶棚时顶棚下方的最高温升的预测关系
式。图 3.17 给出了不同工况下虚点源等效方法的示意图，对于非贴壁火源，通
过引入虚拟点源将不同火源功率和位置时隧道上部热烟气层的影响转化到虚点
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源 z0 的大小上来；而对于贴壁火，首先采用镜像模型将贴壁火近似为具有两倍
火源功率的非贴壁火，然后采用相同的思路得到基于虚点源的开放空间自由发展
羽流。 
 
(a) 火源不贴壁 
 
(b) 火源贴壁 
图 3.17 不同工况下虚点源等效方法的示意图 
3.5.2 虚点源高度的预测关系式 
基于等效虚点源的思路，根据公式 3.22 可以反推得到不同工况下考虑了热烟
气层影响的虚点源位置。即认为顶棚下方的最高温升与该火源在开放空间顶棚高
度处的羽流中心线温升相等，然后代入公式 3.22 可以得到等效虚点源的值。图
3.18 给出了计算得到的等效虚点源高度与火源功率之间的变化关系，同时对比了
Heskestad 虚点源公式（公式 3.23）的计算值。可以看出，虚点源位置的变化规
 
z0 
热烟气层 
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律与顶棚下方的温度变化情况直接相关，对于非贴壁火，z0 随火源与侧壁距离的
减少变化很小，而一旦当火源贴壁时，z0 则显著下降。此外，由于考虑了顶棚下
方热烟气层的影响，所有工况下根据实验数据计算得到的 z0 值都要小于
Heskestad 的预测值，而计算值与预测值的差别正是由于隧道结构对自由羽流的
限制所致。 
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图 3.18 虚点源位置与热释放速率之间的关系 
 图 3.19 以火源功率 3.38kW 为例，给出了火源不同横向位置时顶棚下方的横
向温度分布。从图中可以看出，当火源位于隧道中心线上时(d=1.0 m)，顶棚下方
的横向温度分布基本上是完全对称的。随着 d 的减小顶棚下方的最高温升变化不
大，直至火源完全贴壁时，ΔTmax 会显著升高。通过横向温度分布的数据也可以
看出，回流烟气对顶棚下方温度的影响范围确实是相当小的，d=0.2 m 时的最高
温升基本上与 d=1.0 m 时的值相等，都明显小于 d=0 m 时的值，这也证实了只有
当火源距离侧壁非常近甚至完全贴壁时，反浮力壁面射流引起的回流烟气才会导
致顶棚下方温度的明显升高。 
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图 3.19 火源功率 3.38 kW 时顶棚下方横向温度的变化情况 
根据前文的分析，虚点源的位置主要与以下因素有关：有效顶棚高度(Hef)、
隧道宽度(W)、火焰高度(Lf)、火源等效直径(D)、火源功率( Q )、火源与侧壁的距
离(d)、环境温度(T∞)、密度(ρ∞)、比热容(cp)、重力加速度(g)等。Lonnermark 等
人[36]采用小尺寸实验台改变一系列的隧道宽度，发现不同的隧道宽度并没有火
源位于隧道中心线时顶棚下方最高温升产生明显影响。Li 等人[31, 37]同样指出顶
棚下方的最高温度与隧道宽度无关。因此，在下方的分析中将不再考虑隧道宽度
的影响。 
前人得到了大量关于隧道火焰高度的关系式[14, 15, 19, 38]，与 3.3 节公式 3.12 形
式类似，火焰高度都可以表示为火源功率和直径的函数。图 3.20 给出了甲醇油
池火热释放速率随油池等效直径的变化关系。从图中可以看出，在双对数坐标系
下，热释放速率与等效直径呈线性关系且斜率为 2，即热释放速率与等效直径的
平方（油池面积）成正比，也即是说对于甲醇油池火来说，单位面积的燃烧速率
是定值。由于火焰高度是火源功率和等效直径的函数，而火源功率又是等效直径
的函数，可知，Lf、Q和 D 并非相互独立的，Lf 和 D 都可以用Q来表示，因此
下文在建立函数关系时仅考虑Q即可。 
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图 3.20 热释放速率与油池等效直径的变化关系 
因此，虚点源位置的函数可以表示为： 
    0z , , , , , , , , , , , , , , ,f p ef pf H W L D Q d T c g f H Q d c T g        (3.24) 
 根据量纲分析，无量纲虚点源位置可以表示为以下 3 个无量纲参数的函数： 
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公式 3.25 右侧第 1 项和第 2 项可以合并为一项， 
 0
1/2 5/2
,
ef p ef ef
z Q d
f
H c T g H H 
 
   
 
  (3.26) 
根据 3.4.2 节定义的修正无量纲火源功率，可得， 
 * '0 ,
ef ef
z d
f Q
H H
 
   
 
  (3.27) 
也既是，无量纲虚点源高度与修正是无量纲火源功率和火源距侧壁的无量纲距离
的函数，函数的具体形式可通过实验数据确定。 
无量纲虚点源高度(z0/Hef)与修正的无量纲功率(
* 'Q )的变化关系如图 3.20 所
示，下方的横坐标表示无量纲功率 * 'Q ，上方的横坐标表示对应的热释放速率。
与图 3.18 的结果类似，对于非贴壁火源，z0/Hef与火源位置并无明显的变化关系，
分布在如图所示的两条红色虚线内，考虑到不同实验环境条件的差别以及系统误
差等因此，可以近似认为对于非贴壁火在本文的实验工况范围内 z0/Hef 基本上与
火源位置无关。因此，z0/Hef 随
* 'Q 的变化关系可以分为火源贴壁(d=0 m)和不贴
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壁(0.2 m≤d≤1.0 m)两种情况。在双对数坐标系下，二者呈线性关系，z0/Hef 的关
系式可通过实验数据拟合得到： 
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图 3.20 无量纲虚点源高度与无量纲功率的变化关系 
 因此，基于等效虚点源的思想，对于不同的火源横向位置，把公式 3.28 和公
式 3.29 代入 Heskestad 羽流中心线温升公式 3.22 中即可得到隧道顶棚下方最高
温升的预测值。同样地，上述公式仅适用于浮力羽流撞击顶棚的情况，对于连续
或者间歇火源撞击顶棚的情况，以上公式将变得不再适用。图 3.21 给出了顶棚
下方最高温升的实验测量值与预测值的对比结果，图中的误差棒对应于图 3.20
中红色虚线的范围，表示由于不同火源位置引起的顶棚温升预测误差。从图中可
以看出实验测量值与预测值符合的相当好，证实了本文提出的等效虚点源思想的
可行性。 
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图 3.21 顶棚下方最高温升实验测量值与计算值的对比 
3.5.3 与前人实验结果的对比 
 为了验证虚点源公式的准确性，根据上述公式得到的顶棚下方最高温升预测
值与前人不同截面形状、尺寸的小尺寸和全尺寸的实验结果进行了对比。Li 等
人[31]、Ingason 等人[32]以及 Hu 等人[39]的使用的隧道相似比、截面形状和尺寸等
如图 3.22 所示，可见，本文选取的前人实验结果具有比较广泛的代表性。需要
指出的是，在以上的实验研究中，火源放置于隧道中心线上，由于缺少隧道内贴
壁火的实验数据，因此我们仅将非贴壁火的了预测值与实验值进行了对比。 
               
(a) Tunnel A-1:20-Li                   (b) Tunnel B-1:20-Li 
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(c) 1:8-Ingason                    (d) 1:1-全尺寸隧道 
图 3.22 不同全尺寸和小尺寸隧道的截面形状和尺寸[31, 32, 39] 
 预测值与前人实验值的对比结果如图 3.23 所示。可以看出，当顶棚温度较低
时（<350℃），预测值与实验值符合的很好。但是当顶棚温度较高时（>400℃），
预测值会偏低，且二者之间的差值在 50℃左右。为了便于对比不同隧道尺寸和
相似比的结果，根据 Froude 模型中小尺寸与全尺寸实验结果的转换关系，我们
把图 3.23 中实验值对应的热释放速率全部换算为全尺寸的值，如图 3.24 所示。
图中整个柱体的高度表示各实验结果对应的最大的尺寸热释放速率范围，其中黑
色柱体的高度表示图 3.23 中与预测值与实验值符合较好的功率范围。从图中可
以看出，对于不同的隧道该功率范围相差较大，从 2.6MW（本文隧道）一直到
14.9MW（Tunnel B）。可见，公式的适用范围不仅与火源功率有关还与隧道的具
体尺寸有直接关系。 
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图 3.23 与前人实验结果的对比 
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图 3.24 不同研究者所使用的全尺寸火源功率范围 
根据 3.4.2 节对修正的无量纲功率 * 'Q 的定义可知， * 'Q 是一个表征火源功率
与隧道尺寸相对大小的无量纲数，同时考虑了火源功率与隧道尺寸的影响。采用
* 'Q 来给出本节得到的公式的适用范围是更加合理的选择。从图 3.23 可以看出当
0.004≤ * 'Q ≤0.09 时预测值符合的很好；当 0.09< * 'Q <0.18 时，相比于 Tunnel A 和
Tunnel B 的实验结果预测值会偏低。原因就是因为，当 * 'Q 较大时，相对于隧道
尺寸来说火源功率的值较大，从图中可以看出 ΔTmax的值在 400℃左右，此时已
经发生了火焰的间歇性撞击顶棚，导致 ΔTmax升高。由于在前文的分析中仅考虑
浮力羽流撞击顶棚的情况，当隧道内发生间歇或者连续火焰撞击顶棚时，顶棚温
度在很大程度上取决于火焰的属性，此时公式的预测值就会偏低。因此，通过综
合对比可以确认本节得到的基于虚点源的预测顶棚下文最高温升公式的适用范
围是 * 'Q ≤0.09。相比于 3.4.2 节得到的基于火焰高度的顶棚下文最高温升了预测
公式 3.21，公式 3.28 的适用范围更广。 
3.6 本章小结 
本章通过开展一系列的小尺寸实验，研究了隧道内较小的火源功率下弱羽流
撞击顶棚时，不同火源横向位置条件下，火焰高度、羽流受限程度以及顶棚下方
最高温升的变化规律，分别得到了火焰高度与顶棚下方最高温升的预测关系式。 
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 首先通过理论分析得到了火焰高度随无量纲火源功率的变化关系，无量纲火
焰高度随无量纲火源功率的 2/5 次方成正比。当火源位于隧道中心线上时，火源
与侧壁的距离最远，受限程度最低，火焰高度值也最小；随着火源向侧壁靠近，
火焰高度小幅增大，直至火源贴壁时，火焰高度显著升高，火源受限程度最强，
此时羽流卷吸系数为 0.46，也即是卷吸入羽流的空气量仅为火源位于隧道中心线
上时的 0.46 倍。 
 接下来本章分别从火焰高度和隧道上部热烟气层两个方面分析研究了不同
火源横向位置时顶棚下方最高温升的变化规律。与火焰高度的变化规律类似，对
于非贴壁火源，随着火源向侧壁靠近，顶棚下方最高温升变化不大，一旦火源贴
壁，顶棚温升将会显著升高。根据顶棚温升与火源高度的变化关系，定义表征火
源功率相对大小的无量纲功率 * 'Q ，可以分别得到火源贴壁和不贴壁时，顶棚下
方最高温升的预测公式并通过与前人实验数据对比验证了公式的有效性和适用
范围。 
 针对顶棚射流过程以及热烟气层对顶棚温度影响的复杂性，本章提出了等效
虚点源的思路将隧道内（贴壁、非贴壁）受限火羽流转化为开放空间火羽流，将
上部热烟气层对顶棚温度的影响归结到虚拟点源的位置中来。根据实验测量结果
结合量纲分析分别得到了不同工况下的虚点源高度及其预测关系式。通过与前人
多种隧道截面形状、尺寸的全尺寸和小尺寸实验数据对比验证了该方法的可行性，
同时给出了基于虚点源高度的预测关系式的适用范围。 
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本章符号 
罗马字母 
cp    定压比热容 
D    火源等效直径 
d    火源与侧壁的距离 
EF    羽流卷吸系数 
f    浮力 
F    惯性力 
g    重力加速度 
H    顶棚高度 
Hef    火源表面与顶棚的距离 
k
*    常数 
Lf    平均火焰高度 
?̇?    羽流质量流率 
P    火源周长 
Q     热释放速率 
* 'Q    修正的无量纲热释放速率 
cQ     对流热释放速率 
s    羽流面积 
T    火焰温度 
T     火焰温度与环境温度的温度差 
T    环境温度 
maxT    顶棚下方最高温升 
u    羽流上升速度 
W    隧道宽度 
z    距离火源表面的高度 
z0    虚点源高度 
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希腊字母 
𝛼    系数 1 
γ    系数 2 
𝛿    系数 3 
ρ∞    环境密度 
ρ    羽流密度 
v    空气卷吸速度 
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第4章 侧壁对强羽流驱动顶棚射流火焰蔓延长度及温度分
布的影响 
4.1 引言 
当火源位于开放空间或房间中央时，羽流可近似为轴对称的锥形。当火源靠
近墙壁或者墙角时，固壁边界将限制羽流卷吸空气，产生指向壁面的惯性力作用，
使得火焰向壁面偏斜，如图 4.1 所示，特别是当火源贴壁时，火源受限程度最强，
此时羽流仅能从开放侧卷吸空气，火焰将沿壁面向上蔓延。若壁面是不燃的，则
火焰将在壁面上扩展；若壁面是可燃的，则会形成竖壁燃烧，这将大大加强火势，
容易引起火灾的快速蔓延[1-2]。 
卷吸
 
图 4.1 火羽流向竖直壁面的偏斜 
如果房间顶棚较低，或者火源功率足够大，自然扩散火焰就会直接撞击到顶
棚，并在顶棚下方形成水平扩展。此时，温度较高的可燃气位于上方，冷空气位
于下方，二者结构形式较为稳定，密度差不利于二者的混合，可燃气体需运动稍
长的距离才能烧完。火焰直接接触顶棚将会对顶棚结构造成破坏，若顶棚是可燃
的，则极易引起顶棚火蔓延[1-2]。 
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4.2 顶棚火焰形状与顶棚射流火焰长度 
4.2.1 实验介绍 
为了研究不同受限程度下火焰的形状及蔓延规律，我们分别在开放空间、标
准燃烧室以及第二章中介绍的隧道火灾实验台内完成了四个系列的实验，分别是
火源位于开放空间（系列 A）、火源紧贴一没有顶棚的竖直墙壁（系列 B）、火源
位于隧道中心线上（系列 C）以及火源紧贴隧道侧壁（系列 D）。其中，系列 A
和 B 中火源距离地面 0.35 米，系列 C 火源置于地面上，系列 D 改变火源距离地
面的高度分别为 0、0.17 和 0.35 米。实验工况如图 4.2 所示。 
 
 
 
 
 
 
 
  
 
 
图 4.2 实验工况示意图 
实验采用边长为 0.15 米的正方形气体多孔燃烧器来模拟固定功率的火灾工
况，燃料为丙烷，丙烷气体的流量由转子流量计控制。丙烷的燃烧热是 46.45 千
焦/克[3]，假设其完全燃烧，燃烧效率为 1。每个系列的实验中都使用 8 种固定
的火源功率，分别为：15.94、26.57、39.85、53.13、66.42、79.71、92.99、106.28
千瓦。每组实验重复两次。在火源的正面和侧面各布置一个 DV 来记录火焰高度、
顶棚射流火焰长度以及火焰形态等实验数据，视频采集速率 25 帧/秒。 
4.2.2 不同受限程度下的火焰形状 
图 4.3 给出了燃烧稳定阶段时不同工况下的火焰形状。当火源位于开放空间
时（图 4.3a），火焰基本上是对称的锥形，可以认为在火焰中心存在一竖向的对
称轴。当火源贴壁侧壁时（图 4.3b），由于不平衡卷吸引起的指向墙壁的水平惯
6 m 横向 
 
0.88 
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2m 
h 
2m 
系列 B 系列 C（侧视图） 系列 D（侧视图） 
1m 
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纵向 
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性力会导致火焰紧贴到墙壁上，而且火焰高度要高于开放空间。 
当火源位于隧道中心线上时，火源功率较小时火焰低于隧道顶棚。随着火源
功率的增大，火焰撞击顶棚并形成轴向扩展的顶用射流。当火源紧贴隧道侧壁时
（图 4.3d），由于卷吸空气受到限制，顶棚下方火源的水平蔓延长度相对于火源
位于中心线上时更长。而且，随着火源由 0 米升高 0.35 米，火焰的蔓延长度越
来越长。原因就在于随着火源逐渐向侧壁和顶棚靠近，卷吸过程受到的限制越来
越明显，而燃料需要蔓延更长的距离才能达到完全燃烧。 
 
(a) 开放空间 
 
(b) 贴壁侧壁（无顶棚） 
 
(c) 隧道中心线 
  
(d) 隧道贴壁距地面 0 米 
  
(e) 隧道贴壁距地面 0.17 米 
(f) 隧道贴壁距地面 0.35 米 
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图 4.3 不同受限程度下火焰的发展蔓延情况 
图 4.4 对比了隧道顶棚下方纵向和横向的平均火焰长度，其中 rl和 rt分别指
顶棚下方的纵向和水平火焰长度。从图中可以看出，当火源位于隧道中心线上时，
rl和 rt 基本相等，说明此时隧道顶棚下方的火焰呈圆形，而且隧道另一侧的墙壁
对于火焰的横向蔓延基本没有影响。但是，当火源紧贴隧道侧壁以后，在三种火
源高度下都可以看出，对于较小的功率，rt 大于 rl，随着功率的增大，rl 最终会
大于 rt。 
0 20 40 60 80 100 120
0
10
20
30
40
50
60
70
80
 纵向
 横向
0 20 40 60 80 100 120
0
10
20
30
40
50
60
70
80
 纵向
 横向
HRR/kW
(a) 纵向中心线
HRR/kW
(b) 贴壁置于地面上
长
度
 /
 c
m
长
度
 /
 c
m
长
度
 /
 c
m
HRR/kW
(c) 贴壁距离地面0.17米
HRR/kW
(d) 贴壁距离地面0.35米
长
度
 /
 c
m
0 20 40 60 80 100 120
0
10
20
30
40
50
60
70
80
 纵向
 横向
0 20 40 60 80 100 120
0
10
20
30
40
50
60
70
80
 纵向
 横向
 
图 4.4 隧道内顶棚下方的火焰长度 
为了解释造成这一变化趋势的原因，图 4.5 展示了隧道左侧 DV 拍摄的火焰
形状（以火源贴壁距离地面 0.17 米为例）。从图中可以看出，与横向火焰相比，
纵向蔓延的火焰同时受到侧壁的顶棚的限制，空气更难被卷吸进入火焰中，燃料
要蔓延更长的距离才能达到完全燃烧。因此，容易理解图 3 中较大的功率下，纵
向火焰蔓延长度要大于横向。同时，从图中还可以看到，当火焰竖向运动撞击顶
棚之后会沿着侧壁向下运动在墙角正下方形成大尺度的涡旋结构，且涡旋的具有
向下的运动方向，在 Hinkley 等人[4]早期的实验中也观察到了这一结构。产生这
一结构的原因是：火焰在侧壁和顶棚的限制下向下运动，同时受到竖直向上的浮
力作用，它最终会达到驻点从而反向向上运动形成涡旋结构，在这一过程中相对
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于横向蔓延火焰卷吸更多的空气。因此，我们可以知道，顶棚和侧壁交接的墙角
会对顶棚火焰造成两种作用。当功率很小的时候，贴到涡旋结构的存在，纵向火
焰能够卷吸到更多的空气，造成 rt 大于 rl；但是，当功率足够大以后，涡旋结构
卷吸的空气相对于火焰完全燃烧所需的空气越来越小，此时，墙角对于纵向火焰
蔓延的限制影响起控制作用，从而导致纵向火焰需要蔓延更长的距离又达到完全
燃烧，使得 rl大于 rt。 
 
图 4.5 隧道内贴壁火顶棚下方的涡旋结构（火源距离地面 0.17 米） 
 因此，可以得出结论，当火源位于隧道中心线上时，顶棚下方的火焰蔓延形
状呈圆形；然而，当火源贴壁时，火焰形状则变为半椭圆形，随着火源功率的增
大，且椭圆的长轴由垂直于侧壁变为与侧壁平行，火源不同位置时，顶棚下方的
火焰形状如图 4.6 所示。 
 
图 4.6 隧道顶棚下方的火焰形状 
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4.2.3 火焰蔓延长度的预测公式 
 对于开放空间以及火焰贴壁情况下的火焰高度前人文献中已经进行了大量
的研究[5]，得到了无量纲火焰高度（Lf / D）与无量纲火源功率（
*Q ）之间的关
系式， *Q 的表达式为： 
 * 2 5= pQ Q c T gD    (4.1) 
其中，Lf、ρ∞、T∞、cp、g、D 分别是火焰高度、环境空气的密度、环境温度、
定压比热容、重力加速度以及火源的等效直径。 
根据前人的研究结果，图 4.7 给出了开放空间和火源贴壁时 Lf / D 和
*Q 的关
系式，可以看出，与前人的结果一致，无量纲火焰高度确实是无量纲火源功率的
函数，我们采用数据拟合的方式和得到其关系式： 
 
*2 5
*1 2
3.0
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（a）开放空间 
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（b）紧贴无顶棚侧壁 
图 4.7 无量纲火焰高度与无量纲火源功率的关系式 
 我们把火源位于隧道内火焰高度低于顶棚的工况也列到图 4.7 中，可以看出
此时无量纲火焰高度的值与公式 4.2 符合的很好，说明当火焰低于顶棚时，隧道
顶棚对于火焰的竖向蔓延高度基本没有影响。此外，为了证明公式 4.2的适用性，
我们还对比了它与前人的公式和实验数据的符合情况[5-8]。从图中可以看出，当
*Q 大于 1 时（在本节的实验工况下 *Q 在 1.2 到 8.2 的范围内），公式 4.2 与前人
的结果符合的非常好；当 *Q 小于 1 时，公式 4.2 的预测结果偏低。原因就在于，
Zukoski 等人[6]指出当 *Q  >1 和 *Q  <1 时火焰高度与无量纲火源功率之间具有不
同的变化规律，因此，公式 4.2 的适用条件是 *Q  >1。 
 接下来，我们采用量纲分析的方法来量化火焰撞击顶棚时的火蔓延长度，定
义火蔓延的总长度为竖向火焰高度加上水平火焰长度。根据前文的分析可知，影
响火蔓延总长度（rl+H 和 rt+H）的因素主要有：火源与顶棚的距离（H）、火源
的等效直径（D）、功率（Q ）、环境空气密度（ρ∞）、温度（T∞）、定压比热容（cp）
以及重力加速度（g）。因此，可以把火蔓延总长度表达为如下函数关系式： 
  , , , , , ,pr H f H Q D c T g     (4.3) 
 基于量纲一致原理，公式 4.3 可以转化为： 
 
3/2 7/2
, ,
pc Tr H Q D
f
H g H gH H


 
  
 
  (4.4) 
 将公式 4.4 的右边三项组合可得： 
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  *1/2 3/2 H
p
r H Q
f f Q
H c T g DH 
 
   
 
  (4.5) 
其中， *HQ 是考虑了火源功率、火源尺寸以及火源位置综合作用的无量纲火源功
率，公式 4.5 的具体形式可以由实验数据确定。 
 图 4.7列出了纵向、横向火蔓延总长度(rl+H)/H 和(rt+H)/H随
*
HQ 的变化关系。
从图中可以看出，在双对数坐标系下无量纲火蔓延总长度与 *HQ 呈线性关系且火
蔓延在纵向和横向上具有不同的变化规律，对数据进行拟合可得： 
 
* 1 2
* 2 5
2.0 ,  
1.9 ,   
H
H
Qr H
H Q

 

纵向
横向
  (4.6) 
如前人所述，当火源位于隧道内贴壁时，顶棚下方纵向和横向的火蔓延长度的相
对大小随功率的变化而变化。根据公式 4.6 可以求得临界火源功率的值为 0.60，
在该功率下，纵向与横向的火蔓延长度相等，火焰形状为半圆形。 
当火源位于隧道中心线上时，撞击顶棚后形成的火焰形状为圆形，其纵向和
横向火蔓延总长度相等： 
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（a）纵向火蔓延总长度 
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（b）横向火蔓延总长度 
图 4.8 隧道内顶棚下方火蔓延长度随无量纲火源功率变化情况 
但是，需要指出的是在我们的实验工况下，横向火焰长度远小于隧道的宽度，
隧道宽度对横向火蔓延的长度可以忽略。因此，以上的公式并不适用于横向火焰
长度长于隧道宽度的情况。 
此外，我们还把公式 4.7 与前人的关系式和实验结果进行了对比，如图 4.9
所示。可以看出，不同研究者的实验数据和关系式虽然有一定的偏差，但是都具
有相同的变化趋势。前人的研究中主要通过目测的方法来得到火焰长度，并对火
焰长度进行平均来确定火焰长度的值；本节的研究中采用了更加准确的视频图像
处理方法并且使用了 50%浮力频率的定义来确定火焰长度。Zukoski 等人[6]基于
实验数据的对比结果指出 50%浮力频率得到的结果要比目测值低 10-15%。因此，
图 4.8 中不同研究者得到结果的差异的主要原因是：实验条件的不同，实验台尺
寸的不同以及确定火焰长度的方法不同。 
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图 4.9 与前人研究结果的对比 
 图 4.10 给出了根据预测公式得到的火蔓延总长度与实验测量值的对比，其中
纵向和横向火蔓延总长度分别为实心和空心标志。可以看出，本节得到的预测公
式能够很好的计算不同工况下的竖向火焰高度和顶棚火焰长度，且误差在 10%
以内。 
 
20 40 60 80 100 120 140 160 180
20
40
60
80
100
120
140
160
180
   开放空间
 
   紧贴无顶棚侧壁
 
   隧道纵向中心线
  
   紧贴隧道侧壁
 0 m
 0.17 m  
 0.35 m 
计
算
值
 /
 c
m
实验测量值 / cm
 
图 4.10 不同工况下实验结果与预测值的对比 
4.3 顶棚射流火焰温度分布 
4.3.1 实验介绍 
 前人对于强羽流撞击顶棚下方温度分布的研究多集中于无限大的非受限顶
棚或者腔室、隧道等各类建筑空间内火源非受限时的顶棚温度分布[13-16]，对于狭
长空间内火源受侧壁限制时顶棚下方的温度分布研究较少。因此，在第二章介绍
的小尺寸隧道模型实验台上开展了侧壁限制作用下顶棚下方温度分布的实验研
究。实验采用边长 0.15 米的正方形丙烷气体火孔燃料器，火源紧贴侧壁，距离
隧道左端开口 2m。改变火源距地面高度分别为 0（位于地面）、0.17 和 0.35 米，
采用 15.94、26.57、39.85、54.13、66.42、79.71、92.99、106.28 千瓦等 8 种固定
的火源功率。实验如图 4.11 所示。 
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图 4.11 实验工况示意图 
 实验采用 K 型铠装热电偶来测量温度，直径 1mm。距离地面 0.14-0.87m 布
置 8 个热电偶来测量火源上方竖向温度分布，热电偶距侧壁 1cm。同时在顶棚下
方火源近域共布置 56 个热电偶来测量顶棚下方各个位置的温度分布，如图 4.12
所示。实验过程中环境温度约为 25-30℃。 
 
2m 3.1m 0.9m 
1.0 m 
22 TC 
9 TC 
10 TC 
TC：热电偶  
图 4.12 顶棚下方热电偶测点布置图 
4.3.2 顶棚下方撞击区域温升关系式 
 当火源紧贴侧壁时，由于不对称卷吸作用，火羽流首先沿着侧壁竖向蔓延，
撞击顶棚之后在顶棚下方轴向蔓延。对于较大的火源功率，当火焰高度与顶棚高
度相当或者高于顶棚时，火焰（间歇火焰、连续火焰）将直接撞击顶棚，形成所
谓的强羽流顶棚射流。 
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图 4.13 火源位于地面时沿侧壁竖向温度分布 
 图 4.13 给出了火源置于地面时沿侧壁的竖向温度分布。从图中可以看出，当
火源功率较小时(15.94-53.13 kW)，由于不断卷吸冷空气的原因，竖向温升 0T 随
高度的增加而降低。而对于较大的火源功率(66.42-106.28 kW)， 0T 首先随着高
度的增加而升高，然后基本保持不变，原因在于较大的功率下火焰高度较高，此
时火源正上方距离火源最近的几个热电偶处于火焰内部的富燃料区，火源功率越
大，该富燃料区出越大，在富燃料区内部，气体温度低于火焰温度且随着与火源
距离的增大而降低[17]。随着高度的升高，当热电偶位于富燃料区上部时，温度
基本保持不变，为火焰温度。通过与实验图片对比可以看出，随着火源功率增大，
火焰高度逐渐升高最终撞击顶棚并在顶棚下方蔓延，并经历浮力羽流撞击顶棚、
间歇火焰撞击顶棚和连续火焰撞击顶棚三个阶段，顶棚下方的温升也从 250K 左
右增大到 850K 左右。 
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图 4.14 火源距地面 0.17m 时沿侧壁竖向温度分布 
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图 4.15 火源距地面 0.35m 时沿侧壁竖向温度分布 
 同样地，图 4.14 和 4.15 分别给出了火源距地面 0.17 和 0.35m 时的顶棚下方
竖向温度分布。可以看出，与火源位于地面时相比，竖向温度分布具有相同的变
化趋势，随着火源位置升高，火源与顶棚的距离减小，在相同的火源功率下火焰
出就更容易撞击顶棚。当火源距地面 0.35m 时，所有工况下火焰都能直接撞击顶
棚，形成顶棚射流火焰。通过对比不同火源高度及功率下的顶棚撞击情况可以看
出，顶棚下方温升 400K 和 600K 是判断顶棚撞击情况的两个临界值，顶棚下方
温升∆T0<400K，400<∆T0<600K，∆T0>600K，分别对应于浮力羽流撞击顶棚、间
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歇火焰撞击顶棚以及连续火焰撞击顶棚三种情况。因此，对比可知，对于间歇火
焰和连续火焰撞击顶棚的工况，顶棚下方温升∆T0 大于 400K，该值可以作为判
断强羽流撞击顶棚的临界值。 
 开放空间火羽流从上到下通常被分为连续火焰区、间歇火焰区和浮力羽流区
等三个区域，三个区域的羽流中心线温升可以分别表示为[17]： 
连续火焰区： 
 
0
0 2/5
z
T T
Q

 
   
 
  (4.8) 
间歇火焰区： 
 
1
0 2/5
z
T T
Q


 
   
 
  (4.9) 
浮力羽流区： 
 
5/3
0 2/5
z
T T
Q


 
   
 
  (4.10) 
 根据前文的分析可知，对于不同的火源高度和功率，顶棚下方的撞击区对应
于连续火焰区、间歇火焰区和浮力羽流区等不同的羽流区域。为了验证顶棚下方
羽流撞击区的温升是否符合经典的开放空间三区域羽流变化规律，同时考虑到火
源尺寸的影响引入虚点源的概念[18]，公式 8-10 可以无量纲化为： 
 
 00
*2/5
/
 vs. 
z z DT
T Q

  (4.11) 
其中，无量纲火源功率 *Q 和虚点源 0z 的表达式为
[18]， 
 * 5/2pQ Q T c g D    (4.12) 
 2/50 0.083 1.02  z Q D    (4.13) 
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图 4.16 无量纲温升与无量纲高度的变化关系 
 图 4.16 给出了顶棚下方的无量纲温升，  0T H T ，随火源与顶棚的无量纲
距离，   *2/50H z DQ ，的变化关系。可以看出，对于不同的火源功率和高度，
撞击区域顶棚下方的温升仍然符合经典的三区域划分且具有相同的变化规律。因
此，根据实验数据可以拟合得到不同工况下顶棚下方撞击区域温升变化关系式： 
连续火焰区： 
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2.79 
T H
T

  (4.14) 
间歇火焰区： 
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浮力羽流区： 
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  (4.16) 
由于前人对于弱羽流撞击顶棚时顶棚射流温度分布已经进行了大量的研究，本文
将重点研究火源受到侧壁限制时，强羽流（连续、间歇火焰）撞击顶棚条件下顶
棚射流温度分布规律。 
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4.3.3 顶棚下方横向和纵向温度分布 
 以火源距离地面 0.35m 为例，准稳定状态时顶棚下方的等温线图如图 4.17
所示。顶棚下方距侧壁 0.01m 处的热电偶为坐标原点，定义为羽流撞击点，横坐
标和纵坐标分别指的是隧道纵向和横向与坐标原点的距离。从图中可以看出，对
于相同的火源高度，随着火源功率的增大顶棚下方的温度逐渐升高、顶棚射流火
焰蔓延范围变大。由于侧壁的限制作用，顶棚下方的温度分布并不是对称的，纵
向的火焰更长，在火焰区之外纵向温度要明显大于相同坐标的横向温度。原因就
在于相比于仅受顶棚限制的横向火羽流，纵向蔓延的火羽流受到侧壁和顶棚形成
的墙角结构的限制，其空气卷吸更加困难且热量不易散失，造成纵向火羽流蔓延
范围更大、温度更高。因此，与前人在非受限顶棚下的研究不同[13-16]，基于火源
贴壁时顶棚下方轴向温度分布的不对称性，有必要分别研究顶棚射流温度在隧道
纵向和横向上的分布规律。 
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图 4.17 火源距地面 0.35m 时顶棚下方的温度等值线图 
 在前人关于弱羽流撞击顶棚的研究中，多选取火源表面与顶棚的距离 H 作为
特征尺度来归一化顶棚下方与撞击点的距离 r0，则顶棚下方的温升可表示为： 
      0 0T / T fn /r H r H     (4.17) 
其中，  0T r 是与撞击点相距 r 处的温升，  T H 是无顶棚时开放空间火羽流
相同高度处的羽流中心线温升。对于本文研究的火源贴壁情况，羽流受侧壁限制
卷吸受限，采用顶棚下方撞击区域的温升  0T H 更加符合实际，在下文的分析
中将采用  0T H 替换前人研究中使用的  T H 。我们首先来验证弱羽流撞击
的顶棚下文温升关系式 4.17 是否适合用强羽流撞击的工况。图 4.18 给出了不同
工况下受限火源强羽流撞击顶棚时无量纲温升    0 0T / Tr H  与无量纲距离
r0/H 的变化关系，以隧道内的横向温度分布为例。可以看出，强羽流撞击顶棚时
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数据的收敛性并不好，不同工况的数据相互分散，从而验证了弱羽流温升变化关
系式并不适用于强羽流撞击的情况。对于浮力羽流来说，羽流半径（宽度）基本
上与距离火源表面的高度成正比[13, 19]；而对于连续和间歇火焰撞击顶棚的工况，
在顶棚高度处的羽流温升要远大于环境温度（见图 4.17），此时羽流半径除了受
与火焰表面的高度影响外，还更多地受火源功率大小的影响。因此，对于强羽流
撞击顶棚的工况，特征尺度 H 已经不再适用。 
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图 4.18 顶棚下方的横向温度分布 
Heskestad和Hamada[12]在研究强羽流撞击非受限顶棚时采用顶棚高度处的羽
流半径 b 作为特征长度得到了较好的结果。基于同样的原因，我们用更加符合实
际的顶棚下方撞击区域温升  0T H 来替换开放空间顶棚高度处的羽流中心线
温升  T H ，也即是， 
  
1/2 2/51/2
4/5
3/5 2/5 0
3/5
0
( )
5.67
( )
c
p
T H Q
b c T g
T H


 
 
   
  (4.18) 
图 4.19 给出了不同工况下受限火源强羽流撞击顶棚时隧道内横向无量纲温升
   0 0T / Tr H  与无量纲距离 r0/b 的变化关系。可以看出，当采用羽流半径作为
特征长度时工同工况下数据的收敛性得到了明显地改善。原因就在于羽流撞击区
域的范围是与顶棚高度处的羽流半径相关的，而撞击区域的大小又能直接影响温
度在顶棚下方的衰减程度。由于羽流半径 b 是一个综合考虑了环境变量、火源功
率、火源正上方顶棚温升、顶棚高度等多参数的特征尺度。因此，采用羽流半径
作为特征长度来研究强羽流撞击时的顶棚射流温度分布规律显得更加合理。 
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图 4.18 隧道横向顶棚下方的温度分布 
 当 r0/b小于1.4时，顶棚下方温升  0T r 保持不变且与撞击点处的温升∆T0(H)
基本相等；而当 r0/b 大于 1.4 时，  0T r 随距离的增加逐渐衰减。因此，根据温
升随距离的变化情况，可以将温升的变化关系分为撞击区和衰减区，在撞击区内
顶棚下方温升基本保持不变。此外，在衰减区内根据与火源距离的不同又可以分
为两个温度衰减阶段，由于受振荡的顶棚射流火焰影响，第一段内的温度衰减速
率(k=-3/5)比远火源区的第二阶段更慢(k=-1)。顶棚下方的横向温度分布关系式如
下： 
    0 0 0   r /b 1.4T r T H      (4.19) 
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  (4.20) 
同时，我们把横向顶棚温升数据与 Heskestad 顶棚下方温升预测关系式[13]进行了
对比，如图中黑色曲线所示。需要说明的是，Heskestad 的预测关系式是基于强
羽流撞击的非受限顶棚提出的。可以看出，由于侧壁的限制作用，撞击区的温度
要比 Heskestad 公式的预测值稍大；随着与无量纲距离 r0/b 的增大，侧壁的影响
逐渐减弱，实验数据与 Heskestad 公式在衰减区符合较好。 
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图 4.19 隧道纵向顶棚下方的温度分布 
隧道纵向顶棚下方的温度分布情况如图 4.19 所示。同样地，纵向温度分布也
可根据与火源的位置分为撞击区和衰减区。根据前文的分析可知（如图 4.17 所
示），贴壁火源顶棚下方的辐射温度分布不是对称的，纵向火焰蔓延长度更长且
距离火源相同位置纵向的温度大于横向。因此，顶棚下方纵向的撞击区更大
（r0/b≤1.7），纵向温度分布关系式如下： 
    0 0 0   r /b 1.7T r T H      (4.21) 
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  (4.22) 
对于温度衰减区，同样根据衰减程度划分为两段。与横向分布相比，第一段衰减
区范围更大、温度更高，但具有相同的衰减速率(k=-3/5)；在第二段衰减区内纵
向温度衰减速率(k=-5/3)要比横向更大(k=-1)，也即是说，在远火源区纵向顶棚温
度虽然比横向温度更高但是其衰减速率更快。因此，通过与 Heskestad 预测关系
式对比可以看出，由于纵向温度分布受侧壁的影响，Heskestad 关系式将不再适
用。 
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图 4.20 顶棚下方温升实验数据与预测值对比 
 为了验证本节得到的横向、纵向顶棚下方温升预测关系式的准确性，图 4.20
给出了顶棚下方温升实验数据与预测值的对比关系。图中横向、纵向数据分别用
实心和空心符号来表示。从图中可以看出，本节得到的强羽流撞击顶棚时的温升
预测关系式可以较好的预测不同火源功率、火源高度、顶棚下方位置时温度值，
该预测公式误差在 20%以内。 
4.4 本章小结 
本章通过开展一系列的小尺寸实验系统研究了火源在不同受限程度下的形
状、火焰竖向和横向蔓延长度以及强羽流撞击时顶棚下方的温度分布规律。 
首先对比了火源位于开放空间、贴壁（无顶棚）、隧道中心线、隧道贴壁等
四种典型逐渐增强受限程度下的火焰形状。其中，当火源位于隧道内时，对于不
同的火源功率和火源高度，顶棚射流火焰在隧道横向和纵向具有不同的演化行为。
当火源位于隧道中心线时火焰在横向和纵向方向蔓延长度基本相等，顶棚下方的
火焰形状为圆形；然而当火源位于隧道内贴壁时，顶棚下方的火焰形状变为半椭
圆形，且随着火源功率的增大，椭圆长轴逐渐由垂直与隧道侧壁转变为平行于隧
道侧壁。随后我们从卷吸竞争机制的角度解释了顶棚下方火焰形状变化的原因，
同时提出了不同工况下火焰高度和长度的预测关系式，并与前人的实验数据进行
了对比验证。 
基于隧道内不同方向火焰蔓延长度的差异，接下来我们研究了隧道内火源贴
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壁强羽流撞击时顶棚下方温度分别在隧道横向和纵向的分布规律。根据火源上方
竖向温度分布及火焰图像确定当撞击区顶棚下方温升∆T0<400K, 400<∆T0<600K, 
∆T0>600K 分别对应于浮力羽流、间歇火焰以及连续火焰撞击顶棚，得到了不同
工况下撞击区顶棚下方温升的预测关系式。通过修正前人提出的强羽流撞击非受
限顶棚特征长度，得到了火源贴壁时强羽流撞击顶棚下方温升在隧道横向和纵向
的预测公式。 
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本章符号 
罗马字母 
b    顶棚高度处羽流半径 
cp    定压比热容 
D    等效直径 
g    重力加速度 
H    火源表面与顶棚的距离 
Lf    火焰高度 
cQ     对流热释放速率 
Q     热释放速率 
*Q     无量纲热释放速率 
*
HQ     无量纲热释放速率 
r0    距火源中心线的距离 
r    顶棚下方的火焰长度 
rl    顶棚下方的纵向火焰长度 
rt    顶棚下方的横向火焰长度 
∆Tmax   顶棚下方最高温升 
∆T(r)   顶棚下方距离火源中心线一定位置处的温升 
∆T0(H)   顶棚高度处羽流中心线温升 
∆T0    羽流中心线温升 
T∞    环境温度 
z    距离火源高度 
z0    虚点源 
希腊字母 
ρ∞    环境密度 
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第5章 城市公路隧道竖井自然排烟的机理研究 
5.1 引言 
随着世界各国城市化进程不断加快，城市用地与土地资源稀缺的矛盾越来越
尖锐，城市人口的数量急剧增加，伴随而来的是人均道路面积持续下降。在这种
背景下，开发利用地下空间就成了缓解这一矛盾的必然选择。近年来出现了大量
的城市地下公路隧道，缓解了城市的交通压力。城市地下公路隧道是一种典型的
狭长空间型建筑，在给人们的出行带来便利的同时，也给火灾防治带来了新的课
题。统计结果表明，造成火灾中人员伤亡的主要因素是由于不完全燃烧所产生的
高温有毒烟气[1]。因此，研究地下公路隧道烟气控制具有重要的现实意义。 
为了隧道内日常通风换气和在火灾工况下排出烟气和热量以保障隧道内人
员的安全疏散，公路隧道通常采用纵向、横向、半横向通风排烟系统。在城市隧
道中，排烟的目的是在火灾早期排出烟气和热量，保持烟气层稳定，防止火灾跳
跃式蔓延并确保人员安全疏散。若采用射流风机进行纵向通风，会造成隧道出口
处污染物浓度过高，难以满足城市环保要求。而且在火灾条件下较大的纵向风速
容易破坏隧道内的烟气分层，不利于火灾早期的人员疏散。采用横向和半横向机
械排烟系统会极大增加隧道基建和运营管理费用。因此，在隧道顶部设置开口进
行自然通风和排烟成为城市隧道的合理选择之一。 
目前，成都、南京等城市地下隧道已开始尝试采用竖井自然排烟的方式，并
进行了现场热烟测试与火灾实验，证明了通过隧道顶部开口进行自然排烟的可行
性与有效性。然而，在目前的城市隧道自然排烟方式的设计中，竖井高度、宽度、
排列与组合方式等都无成熟的理论可供指导，也无对竖井排烟机理的深入分析。
[2, 3]。本节在对隧道内发生火灾时竖井排烟过程进行分析的基础上，采用理论分
析、小尺寸模型实验与大涡模拟相结合的方法对隧道和竖井内的烟气流动规律开
展了系统性研究，以期为采用竖井自然通风排烟方式的城市隧道建设提供理论指
导与技术支撑。 
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5.2 烟气层吸穿和边界层分离现象 
5.2.1 实验现象 
1. 实验介绍 
实验在第 2 章中设计、搭建的相似比为 1:6 的小尺寸隧道实验台内进行[4]。
隧道顶棚和底面、一侧侧壁采用耐高温的防火板，另一侧侧壁采用耐高温防火玻
璃，以便观察实验中竖井排烟和隧道内烟气流动情况。排烟竖井由高 1m 的竖井
框架（0.3m×0.3m×1m）和若干尺寸为 0.3m×0.2m 的防火板和钢化玻璃组成，通
过改变嵌入竖井框架中防火玻璃和防火板的数量来改变竖井高度。实验台测点的
布置如图 5.1 所示。竖井底面中心点距实验台左端 4.2m，下方设置一串竖向热电
偶，共 16 个测点，间距为 1.5cm。在竖井底面中心点所处的实验台横截面 1/4
和 1/2 处布置 4 个速度测点，距实验台顶棚分别为 3cm 和 7cm。在竖井开口截面
处均匀布置 4 个铠装 K 型热电偶和 4 个速度测点以测量竖井排出烟气的温度和
速度。 
 
           (a) 实验台                    (b) 实验台横截面 
 
(c) 竖井开口截面 
图 5.1 实验测点布置示意图 
采用甲醇池火作为模拟火源，油池中心点距离实验台左端开口 1.2m。共采用
7 个尺寸的油池，功率为 6.95-53.37 kW。通过 Froude 模型换算成全尺寸功率为
0.6-4.7MW，以模拟城市公路隧道内通行最多的小汽车的火灾[5]。每种火源功率
下，改变竖井高度分别为 0（隧道顶棚自然开口）、0.2、0.4、0.6、0.8、1.0m，
1.2m 3m 
速度测点 
热电偶 
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同时以没有竖井排烟的工况作为对照实验，共 49 组工况，每组工况重复一次。
为了观察实验现象，使用熏香做示踪剂，同时采用激光片光源对隧道及竖井纵向
中心截面照射以增强烟气运动的可视化效果。 
2. 烟气的层化特征 
以火源功率 20.21kW 为例，在没有竖井排烟的工况下，上层热烟气与下层冷
空气的分层情况如图 5.2 所示，从图中可以看出，在稳定燃烧阶段，烟气层空气
形成比较稳定的分层结构。当采用竖井排烟时，本节主要研究竖井在烟气一维水
平蔓延阶段的排烟效果[6-8]，在竖井烟囱效应引起的竖向惯性力作用下，烟气的
分层结构受到破坏，烟气与空气分界面处的扰动增强，使得一部分空气被卷吸入
烟气层中，在竖井下方形成了稳定的凹陷区，如图 5.3 所示。凹陷区的大小与竖
井下方的烟气层厚度和竖井高度等因素有关。 
 
图 5.2 无排烟时烟气的层化特征 （火源功率 20.21kW） 
 
图 5.3 竖井排烟对烟气层的扰动 （火源功率 20.21kW） 
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图 5.4 给出了无排烟时竖井下方竖向温度随时间的变化曲线（火源功率
20.21kW）。各处温度从室温开始逐渐升高，在 150s 左右达到稳定值，持续大约
300s，至 450s 左右由于火源功率达到峰值以后逐步衰减而逐渐下降。因此，确
定 250-450s 为参数稳定段。其它工况也具有相似的温度变化曲线。本节中的温
度和速度值均为稳定段内的平均值。 
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图 5.4 无排烟时竖井下方各位置温度随时间的变化（火源功率 20.21kW） 
3. 烟囱效应导致的烟气层吸穿现象 
采用竖井自然排烟的城市公路隧道内发生火灾时，烟气有两种主要的蔓延途
径：在远离竖井的区域，烟气在隧道顶棚下方水平蔓延；当蔓延至竖井下方时，
部分烟气在浮力作用下向竖井内流动。由竖井内外压差引起的烟囱效应是隧道内
烟气能够迅速排出的主要作用因素，也是烟气在竖直方向运动的主要驱动力。烟
囱效率的强度主要取决于两个关键参数，竖井高度和竖井内外压差；竖井越高，
烟囱效应越强，竖井内外压差越大，烟囱效应同样也就越强。对于烟囱效应，竖
井高度已知，竖井内外压差无法直接测量，可以通过测量竖井内外的温差来计算
得到。根据流体力学中经典的伯努利定理，可知： 
 ( )sP gh     (5.1) 
假设竖井内烟气温度一致，带入理想气体状态方程可得： 
 
1 1
( )
s
P T gh
T T
 

    (5.2) 
式中，为环境空气密度， s 为起火隧道内烟气密度，h 为竖井高度。由式
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(5.2)可见，竖井内温度越高，内外压差越大，烟囱效应也就越强烈。实验中，火
灾烟气先以顶棚射流的形式沿着隧道水平蔓延，形成一定厚度的烟气层，如图
5.5 所示。无排烟时，隧道内的烟气分层比较稳定；采用竖井排烟时，竖井下方
出现明显的凹陷区，且随着竖井高度升高，烟囱效应逐渐增强，凹陷区也越来越
增大。当竖井达到一定的高度时，凹陷区最高点进入竖井下端开口，竖井下方的
烟气层厚度降为 0，此现象即烟气层吸穿。发生吸穿时，隧道下部的冷空气被直
接吸入竖井，导致竖井排烟效果显著下降。 
   
 (a) 无排烟                        (b) h=0.2m 
   
(c) h=0.4m                        (d) h=0.6m 
   
(e) h=0.8m                      (f) h=1.0m 
图 5.5 竖井下方烟气层特征（火源功率 20.21kW） 
Hinkley
[9]最先研究了自然排烟引起的吸穿，并提出了一个改进的 Froude 数来
判断自然开口排烟系统中吸穿现象的发生与否。他研究的是室内顶棚上的自然排
烟口，排烟口本身的高度较小，这与本实验中的竖井不同。Lougheed 等[10]采用
小尺寸中庭实验研究了吸穿现象对机械排烟效果的影响，并验证了 Froude 判据
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应用于中庭机械排烟的可行性。Vauquelin[11]研究横向机械排烟时，在净高较低
的小尺寸隧道实验中也观察到了吸穿现象，当吸穿现象发生时排烟效率会显著下
降。纪杰等[12]通过实验研究了机械排烟口高度和排烟速度对排烟效果的影响，
研究发现在没有发生吸穿现象的工况下，由于排烟而引发的空气卷吸量能达到总
排烟量的 48%。为了达到更好的排烟效果，必须努力减少由于排烟导致的空气卷
吸增量。然而，通过广泛的调研发现，尚未由对竖井排烟导致的烟气层吸穿的定
量研究。 
不同火源功率下竖井下方的温度分布如图 5.6 所示，其中纵坐标为热电偶测
得的温升。在一定的火源功率下，随着竖井高度的增加，烟囱效应增强，排烟速
率增大，原处于烟气层内的测点的温升逐渐下降到 0℃左右，然后保持不变。这
说明此时竖井下方发生了吸穿现象，烟气层厚度降为 0，所有的温度测点都暴露
在了空气中。而距离地面较近的温度测点一直处于烟气层下部，因而温升保持不
变。在相对较大的火源功率(36.66-53.7kW)下，由于受排烟口附近热烟气强烈的
对流换热影响，即使在发生吸穿现象以后，竖井下方位置的温升也明显大于 0℃。 
根据图 5.6 中烟气层温升随竖井高度的变化情况，可以将温升曲线大致分为
两个区域，即吸穿区和没有吸穿区。当竖井高度比较小的时候，竖井的排烟作用
对烟气层的扰动也较弱，竖井下方的烟气层还能够保持相对稳定的分层结构。随
着竖井高度的增大，烟囱效应增强，竖井下方的烟气层厚度越来越薄，当竖井达
到一定的高度以后，烟囱效应的强度达到一个临界状态，此时竖井下方凹陷区最
高点进入竖井内部，即吸穿现象发生。基于以上的分析并结合实验过程中记录的
可视化图像，将竖井下方的烟气层吸穿情况汇总于表 5.1。 
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(a) 火源功率 6.95kW               (b) 火源功率 12.56kW 
第 5 章  城市公路隧道竖井自然排烟的机理研究 
97 
0
10
20
30
40
无排烟    0.2           0.4            0.6           0.8            1.0
竖向位置
 0.88m
 0.865m
 0.85m
 0.835m
 0.82m
 0.805m 
 0.79m
 0.775m 
 0.76m
 0.745m
 0.73m
 0.715m
 0.7m
 0.685m
 0.67m
 0.655m
竖井高度/m
温
升
/℃
没有吸穿
吸穿
0
10
20
30
40
50
60
无排烟    0.2           0.4            0.6           0.8            1.0
竖向位置
 0.88m
 0.865m
 0.85m
 0.835m
 0.82m
 0.805m 
 0.79m
 0.775m 
 0.76m
 0.745m
 0.73m
 0.715m
 0.7m
 0.685m
 0.67m
 0.655m
竖井高度/m
温
升
/℃
没有吸穿
吸穿
 
(c) 火源功率 20.21kW             (d) 火源功率 29.57kW 
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(e) 火源功率 36.66kW           (f) 火源功率 44.01kW 
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(g) 火源功率 53.37kW 
图 5.6 不同火源功率下竖井下方的竖向温度分布 
 
表 5.1 不同工况下竖井下方的烟气层吸穿情况 
火源功率(kW) 
  竖井高度   
0.2m 0.4m 0.6m 0.8m 1.0m 
6.95 不吸穿 吸穿 吸穿 吸穿 吸穿 
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12.56 不吸穿 吸穿 吸穿 吸穿 吸穿 
20.21 不吸穿 吸穿 吸穿 吸穿 吸穿 
29.57 不吸穿 吸穿 吸穿 吸穿 吸穿 
36.66 不吸穿 不吸穿 吸穿 吸穿 吸穿 
44.01 不吸穿 不吸穿 吸穿 吸穿 吸穿 
53.37 不吸穿 不吸穿 吸穿 吸穿 吸穿 
4. 边界层分离现象 
排烟稳定阶段时不同高度竖井的纵向中心截面流场(由激光片光源增亮照射
获得)如图 5.7 所示。当竖井高度为 0.2m 时，在竖井的左侧壁面附近存在一个烟
气浓度比较低的区域，该区域内只有少量的烟气，也就是说此时竖井内左上部区
域基本没有烟气排出，这严重降低了竖井排烟的有效性。当竖井升高到 0.4m 时，
竖井左侧低烟气浓度区域消失，而在竖井底部中心处开始出现凹陷区。 
 
(a) h=0.2m      (b) h=0.4m      (c) h=0.6m    (d) h=0.8m  (e) h=1.0m 
图 5.7 竖井中心截面处的流场特征（火源功率 20.21kW） 
为了进一步分析竖井内流场随高度的变化情况，图 5.8 给出了所有工况下竖
井上部开口处上游和下游的气流速度随竖井高度的变化情况。其中，竖井上端开
口左侧两个测点的速度的平均值作为上游的平均速度，右侧两个测点速度的平均
值为下游的平均速度(测点布置见图 5.1c)。 
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图 5.8 不同火源功率下竖井上端开口截面处的速度分布 
如图所示，竖井高度为 0.2m 时，竖井上部开口上游的速度接近于 0，下游的
速度大于同一火源功率下其它竖井高度下的值，且上下游速度差随着火源功率的
增大而增大。这与图 5.7a 中的现象一致。由于竖井下端与隧道顶棚之间的连接
角是直角，当烟气在较强的水平惯性力作用下运动到竖井下部并流入竖井时，会
立刻与竖井左侧壁面分离，以竖井与隧道顶棚连接外为分离点向下游运动，即发
生了边界层分离现象[13]。根据流体力学的理论，当流体流经扩张通道或者障碍
物时，流动都有可能产生分离，并在分离点后缘产生一个逆压梯度区。如果壁面
有一个尖锐的拐角，在拐角处也会产生分离。当竖井高度比较低，烟囱效应不足
以克服边界层分离产生的逆压梯度时，竖井外部的空气会流入竖井并在左侧区域
产生回流。这时竖井右侧的部分烟气会被卷吸入回流区中与空气混合，从而在回
流区内生成形成较大尺度的涡流，使得竖井只能通过右侧区域排烟。因此，竖井
排烟时边界层分离现象的发生将会大大降低竖井排烟的有效性。Harrison 等[14]
采用 1:10小尺寸实验台模拟了某一房间发生火灾时烟气向相邻中庭溢流的场景，
发现当烟羽流通过较窄的通道进入中庭时会在中庭与房间结合的壁面发生分离。
前人在研究房间发生轰燃后火焰的蔓延轨迹时也观察到相似的现象[15]。 
 竖井高度为 0.4m 时，在较大的火源功率下(36.66 kW、44.01 kW 和 53.37 kW)，
上下游的速度差异也比较大，但是小于竖井高度为 0.2 m 时的上下游速度差。这
是由于随着竖井高度的增加，烟囱效应增强，对于逆压梯度的克服能力也相应的
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增强，因而边界层分离的程度有所减弱。当火源功率较小时(6.95 kW、12.56 kW、
20.21 kW 和 29.57 kW)，上下游的速度基本相等，说明此时边界层分离现象得到
了很大程度的抑制(如图 5.7b 所示)。 
 当竖井高度在 0.6-1.0m 的范围时，所有火源功率下开口截面处的速度分布都
非常均匀，说明边界层分离现象已得到极大程度的抑制或消失，如图 5.7c-e 所示。
与竖井高度为 0.2m 时的工况不同，此时烟气通过整个竖井上部出口排出，且竖
井下端烟气紧贴竖井壁面。事实上，烟气流场随时间的变化情况为：在火灾发生
初期，隧道顶棚下方的烟气蔓延到竖井下部，由于竖井与隧道顶棚拐角（分离点）
的存在，在排烟初期会发生边界层分离现象；但是由于较高竖井的存在，烟气在
热浮力的作用下继续向上运动，同时不断卷吸竖井左侧分离区内的空气使得分离
区内的压强逐渐下降，后面进入竖井的烟气进而贴到竖井侧壁上来。当烟气运动
到竖井上端出口以后，由于竖井较高，较强的烟囱效应引起的内外压差相对也较
大，且足以克服由于逆压梯度的存在产生的阻力，因而边界层分离现象得到较大
程度的抑制或消失。 
 根据以上分析，并结合实验过程中记录的可视化图像，所有工况下竖井排烟
的边界层分离情况由表 5.2 给出。 
 
表 5.2 不同工况下竖井内的边界层分离现象 
火源功率(kW) 
竖井高度 
0.2m 0.4m 0.6m 0.8m 1.0m 
6.95 分离 无分离 无分离 无分离 无分离 
12.56 分离 无分离 无分离 无分离 无分离 
20.21 分离 无分离 无分离 无分离 无分离 
29.57 分离 无分离 无分离 无分离 无分离 
36.66 分离 分离 无分离 无分离 无分离 
44.01 分离 分离 无分离 无分离 无分离 
53.37 分离 分离 无分离 无分离 无分离 
分离：发生了明显的边界层分离现象 
无分离：边界层分离受到很大程度的抑制，可以忽略 
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5.2.2 竖井排烟的临界 Ri'数判据 
1. 临界竖井高度 
根据前文对竖井排烟过程中吸穿和边界层分离现象的分析可以发现，这两种
特殊的现象都不利于竖井进行有效的排烟。当竖井高度较低时，在竖井与顶棚连
接的拐角处会发生显著的边界层分离，阻碍烟气流动，减小了竖井内的有效排烟
空间。随着竖井高度的增加，烟囱效应增强，其引起的内外压差也逐渐增大，边
界层分离受到抑制，但是，随着烟囱效应持续增强，排烟速度也越来越大，当隧
道顶棚下方的烟气不足以迅速补充到竖井下方时，就会发生烟气层吸穿现象，烟
气层下方的冷空气被直接吸入竖井，使竖井排出的烟气中包含大量冷空气，排烟
效果显著下降。 
纪杰等[12]在通过实验研究排烟口高度和排烟速度对机械排烟效果的影响时
发现，在实验中的最不利情况下，吸穿现象可导致总排烟量中实际排出的烟气量
不足 50%。此外，当吸穿现象发生时，由于烟囱效应引起的竖向惯性力的影响，
使得烟气层受到的扰动显著增强（图 5.5 类似），排烟口附近的烟气层稳定性遭
到严重的破坏，烟气与空气分界面处被卷吸入烟气层的空气量增多，造成隧道下
游烟气层的质量流量增大，烟气层厚度增加，这不利于人员的安全疏散和消防人
员进行灭火救援。周允基等[16]在一个采用机械排烟的中庭内开展实验，发现排
烟时被卷入上部烟气层和被直接排出的新鲜空气的质量流量最大可以达到整个
机械排烟量的 75%。显然，在其他条件保持不变的情况下，并非排烟量越大排烟
效果就越好。 
 综上所述，在对实验现象分析及前人研究的基础上，可以预测在火源功率一
定时，随着竖井的升高存在一个临界竖井高度，在此高度下边界层分离现象得到
很大程度的抑制，同时排烟速率适度又不至于引起严重的吸穿现象。下面基于对
排烟过程的物理过程分析并结合实验现象，建立不同火源功率下临界竖井高度的
判据，并验证其有效性。 
2. Froude 数判据 
Hinkley
[9]提出了一个改进的 Froude 数来描述自然开口排烟系统中的吸穿现
象，其定义如下： 
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恰好发生吸穿现象时的F的大小可记为 criticalF 。前人
[17]的研究结果表明 criticalF
的值与排烟口的位置有关，对于排烟口位于顶棚中心的情况， criticalF 取为 1.5；
对于排烟口位于顶棚边缘的情况时， criticalF 取为 1.1。根据式(5.3)，发生烟气层吸
穿现象时，排烟口下方的临界烟气厚度可表示为： 
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但是，前人的研究针对的都是自然开口排烟系统中发生的吸穿现象，对于竖
井自然排烟系统中的吸穿现象尚无相关研究。因此，首先需要判断 Hinkley 提出
的临界 Froude 数判据在竖井排烟系统中的适用性。图 5.10 列出了各工况下公式
5.3 的计算值。根据表 5.2，将本实验中的吸穿工况用空心符号表示。可以明显的
看出，无论发生吸穿现象与否，所有的 F 值都混到一起，无法根据某一 F 值来
判断吸穿现象是否发生。例如，当竖井高 0.4m 时，没有发生吸穿的工况（实心
上三角符号）对应有 F 值都大于 1.5，而发生吸穿的工况（空心上三角符号）下，
对应的 F 值在 1.5 的上下波动。显然，已有的 Froude 数判据不适用于竖井自然
排烟系统。Froude 数判据假定排烟口下方的烟气层是静止的，纵向速度为 0 且具
有均匀的温度分布，这与隧道内烟气的运动情况相比有很大差异。相对而言，由
于隧道内不存在稳定的蓄烟空间，烟气层厚度比较薄，顶棚下方烟气的蔓延速度
相对较大，更容易导致吸穿现象的发生。 
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图 5.9 不同工况下的 Froude 数 
3. 临界 Ri’数判据 
由于已有的 Froude 数判据并不适用于具有竖井的自然排烟系统，下文提出
针对该系统的临界 Ri’数判据。事实上，竖井排烟的主要驱动力是由发生烟囱效
应时竖井内外的温度差引起的，温度差决定了密度差，烟气在竖井内外的压强差
引起的竖向惯性力的作用下向上运动。烟气除受烟囱效应引起的竖向惯性力的作
用外，还受其自身的水平惯性力以及竖井壁面的粘性力作用。由于竖井壁面的摩
擦系数较小，与惯性力相比，烟气受到竖井壁面的粘性力可忽略不计。也就是说，
排烟过程中竖井内烟气的运动状态主要取决于烟气受到的竖向和水平惯性力的
相对大小，它们又取决于火源功率和竖井尺寸等参数。 
基于对排烟过程的受力分析，使用一个无量纲的 Ri’数来判断烟气的运动状
态，其物理意义是烟囱效应引起的竖向惯性力与烟气自身的水平惯性力之比。 
竖向惯性力： 
 vF ghA   (5.5) 
无排烟时烟气的水平惯性力： 
 20h s dwF v  (5.6) 
则 
 
2
0
' v
h s
F ghA
Ri
F v dw



   (5.7) 
其中，Δρ是无排烟时烟气与环境空气的密度差(kg/m3)，g 是重力加速度(m/s2)，d
是无排烟时排烟口下方烟气层厚度(m)，h 是竖井高度(m)，A 是竖井截面积(m2)，
ρs0 是无排烟时烟气的密度(kg/m
3
)，v 是无排烟时排烟口下方烟气的运动速度(m/s)，
w 是竖井宽度(m)。 
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图 5.10 不同工况下的 Ri’ 
 不同工况下的 Ri’值如图 5.10 所示。火源功率一定时，随着竖井高度的升高，
竖向惯性力增大，Ri’也逐渐增大。对比表 5.1 中不同工况下的吸穿情况可以发现
Ri’越大，竖井内流场越接近吸穿状态。竖井高度一定时，随着火源功率的增大，
烟气自身的水平惯性力增大，Ri’逐渐减小，竖井内流场由吸穿过渡到边界层分
离状态。因此，采用 Ri’值的相对大小来判断竖井内流场的状态是合理可行的，
而竖井内烟气的运动状态与排烟效果直接相关，因此可以采用 Ri’来判断竖井的
自然排烟效果。 
对比图 5.10 中 Ri’的值与 5.2.1 节中对吸穿和边界层分离现象的判断结果，
可以确定不同火源功率和竖井高度下吸穿和边界层分离的临界 Ri’大概是 1.4。也
就是说，当 Ri’小于 1.4 时，竖井内会发生显著的边界层分离，反之，则会发生
吸穿现象。结合前面对临界竖井高度的分析与讨论，可以得出结论：临界竖井高
度是图 5.10 中 Ri’=1.4 与不同的火源功率下斜线的交点所对应的横坐标。通过与
实验结果的对比可以看出，使用临界 Ri’数判据来确定竖井的临界高度非常方便
有效，可以用来指导隧道中竖井排烟系统的设计与应用。 
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5.3 竖井高度对自然排烟效果的影响 
5.3.1 竖井排烟过程分析 
隧道火灾工况下竖井排烟过程如图 5.11 所示。火灾发生后，当烟气运动到竖
井所在区域以后，在烟囱效应引起的内外压差的作用下通过竖井排出隧道。但是，
在外加的竖向惯性力作用下，烟气层与下层空气的扰动会显著增强，使得大量的
空气卷吸入烟气层中。而对于这些空气，一部分通过竖井排出，另一部分随烟气
继续往隧道下游运动。 
m
fm sm
em
am
 
图 5.11 竖井排烟过程示意图 
图 5.11 中各变量之间的关系式如下： 
没有竖井排烟时（隧道顶棚封闭）： 
 f am m m    (5.8) 
竖井排烟时： 
 f a a em m m m m     (5.9) 
 e s am m Cm   (5.10) 
式中，C 是数值在 0-1 之间的系数， fm 是火源产生烟气的质量流量， em 是竖井
的排烟量， sm 是竖井排烟的纯烟气的量， am 是竖井下方的烟气层受到扰动后卷
吸的空气增量， am是羽流从火源运动到竖井区域过程中卷吸的空气量（相对于
其它参数， am的数值非常小，可以忽略），m是无排烟时隧道右端（隧道下游某
处）的烟气质量流量，m 是竖井排烟时隧道右端（隧道下游某处）的烟气质量流
量。从式(5.10)中可以看出， aCm 越小，竖井排出的纯烟气的量越多，排烟效果
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越好。由于竖井排烟导致的另一部分空气卷吸增量 (1- ) aC m 则随隧道顶棚下方的
烟气向下游蔓延。 
 在理想的烟气控制情况下，即 f a em m m  ， 0am  ，可以达到最好的排烟
效果，此时 0m  ，也就是说火源生成的烟气完全通过竖井排出同时不引起额外
的空气卷吸增量。 
显然，竖井高度会对排烟效果（竖井排烟量、竖井排出的纯烟气的比例以及
排烟引起的空气卷吸增量）等有很大的影响。本节采用数值模拟的方法来研究不
同竖井高度下烟囱效应引起的竖向惯性力对排烟效果的影响[18]。 
5.3.2 火灾场景设计 
本节选用的数值模拟工具为 FDS5.5.3[19]。在使用 FDS 进行数值模拟时，为
了保证计算结果的物理真实性，在设计物理模型时对隧道及竖井开口处的计算区
域进行适当的延展[20, 21]。 
选取一段长 100m，宽 10m，高 5m 的隧道建立模型。火源位于隧道中轴线上，
距左侧出口 50m。考虑城市公路隧道中几种典型的火灾场景—小汽车燃烧
（3-5MW）和货车燃烧（10-15MW），火源功率设置为 3MW、5MW、10MW、
15MW。火源右侧 25m 处有一个排烟竖井，截面尺寸为 2m×2m。通过改变竖井
高度来研究隧道内发生火灾时竖井的烟气控制效果，在 0m-5m 的范围内每隔
0.25m 改变竖井高度（0m 代表无竖井自然开口的工况），同时模拟无排烟时的隧
道火灾场景作为对照。隧道及竖井模型如图 5.12 所示。 
  
(a) h=3.5m                     (b) 隧道顶棚上方没有竖井 
图 5.12 隧道及竖井模型 
在火源下游 20m 处布置一个烟气层厚度测点、一串竖向温度测点和一串 CO
浓度测点。在距隧道右端开口 5m 的截面上布置一个质量流量测点，用来与无排
烟时的进行对比。在竖井开口截面处分别设置 9 个温度测点、9 个 CO 浓度测点
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和 1 个质量流率测点。隧道及竖井内测点布置情况如图 5.13 所示。 
  
  
 
20m 
温度测点
烟气层高度测点
质量流率测点
 
 
 
 
(a) 隧道侧视图                      (b) 竖井俯视图 
图 5.13 隧道及竖井内测点布置情况示意图 
通过对隧道内烟气层高度测点输出结果的稳定段取均值可以求得不同竖井
高度下隧道内的烟气层厚度。图 5.14 给出了火源功率为 3MW，竖井高度为 2m
为时，距竖井上游 5m 处烟气层界面高度随时间的变化情况。从中可以看出 40s
以后烟气层高度基本维持在 3.95m 左右，没有大幅变化，说明此时隧道内烟气流
动达到比较稳定的状态，可选取 80-120s 为稳定段。下文出现的烟气各参数都指
的是其在稳定段内的平均值。 
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图 5.14 烟气层稳定段的选取 
根据烟气层界面高度，可以确定处于烟气层中的温度和 CO 浓度测点。将处
于烟气层中各测点所测的值取平均后，就能得到烟气层平均温度和 CO 平均体积
分数，其关系式如下： 
 
1
/
n
s i
i
T t n

  (5.11) 
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1
/


n
s i
i
CO CO n  (5.12) 
其中， t 和 iCO 分别指处于烟气层内的第 i 个温度和 CO 浓度测点的值，n
是处于烟气层内的测点的个数。 
 图 5.15 给出了竖井上游 5m 处烟气层的界面高度、平均温度和 CO 浓度随竖
井高度的变化情况。在不同竖井高度下，烟气层各参数基本上不发生变化，可把
此处各参数的值当做竖井上游隧道内烟气层的参数值。 
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图 5.15 竖井上游 5m 处烟气层参数的变化情况（火源功率 3MW） 
5.3.3 临界吸穿高度 
以火源功率为 3MW 时为例，图 5.16 给出了没有竖井排烟以及不同竖井高度
下隧道和竖井内的温度分布。相对于无排烟的情况，竖井排烟时外加的竖向惯性
力使得竖井下方烟气层受到的扰动增强，烟气层发生凹陷，部分冷空气被卷吸入
烟气层中，使得竖井下方的温度逐渐下降至室温。 
 
        (a) 无排烟                 (b) h=0m （顶棚自然开口） 
第 5 章  城市公路隧道竖井自然排烟的机理研究 
109 
 
(c) h=1m                               (d) h=2m 
 
(e) h=3m                               (f) h=4m 
 
(g) h=5m 
图 5.16 隧道及竖井内烟气的温度分布（火源功率 3MW） 
随着竖井高度的增加，从图中可以看出，排烟口下方烟气逐渐向排烟口内凹
陷，且凹陷点随竖井升高而升高。说明烟气受到的竖向惯性力越来越大，也即是
烟囱效应越来越强，因此，可以通过排烟口下方烟气层凹陷区域的凹陷点位置来
判断竖井的排烟状况，当凹陷点进入竖井内以后，排烟口下方的空气能够直接进
入竖井，形成所谓的烟气层吸穿现象。随着竖井的不断升高，烟气层凹陷点的位
置越来越高，凹陷区的温度逐渐降至室温。当竖井高度达到 2m 以后，竖井下方
凹陷区的温度降为 25℃，此时隧道下部的冷空气被直接吸入竖井，导致排烟效
果变差。因此，很有必要确定发生吸穿现象时所对应的竖井高度。 
如图 5.16c 所示，当竖井高度为 1m 时排烟口下方凹陷区域的温度为 40℃左
右，未发生吸穿现象，当竖井高度达到 2m 以后，竖井下方已经发生了稳定的吸
穿现象。因此可以确定，火源功率 3MW 时发生吸穿现象的竖井高度在 1-2m 的
范围内。火源功率一定时，定义竖井下方的烟气层处于发生吸穿的临界状态时的
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竖井高度为临界吸穿高度。具体方法上一节已经详细介绍，本节不再赘述。火源
功率为 5MW、10MW、15MW 时所对应的临界吸穿高度分别为 1.25m、1.25m 和
1.5m。 
数值模拟可以获得详细的流场图，下文以火源功率 3MW 为例，观察隧道和
竖井内流场结构随竖井高度的变化。图 5.17 给出了不同竖井高度下隧道和竖井
内的速度矢量图。竖井高度越高，竖井下方烟气层受到的扰动越强。当竖井高度
达到 1.5m 以后，隧道内的速度场发生了显著变化，大量冷空气直接进入竖井。
这是因为当竖井高度较低时，烟囱效应较弱，竖井下方的烟气层受到竖向惯性力
的扰动也较弱，通过竖井排出的主要是隧道上部的热烟气（如图 5.17a-c 所示）。
当竖井升高到 1.5m 以后，较强的竖向惯性力足以使隧道下部的冷空气被直接吸
入竖井，发生吸穿现象。此外，根据隧道和竖井内速度场的变化也可以确定火源
功率为 3MW 时的临界吸穿高度为 1.25m，与通过温度分析得到的结论一致。 
 
(a) h=0m                            (b) h=1m 
 
(c) h=1.25m                          (d) h=1.5m 
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(e) h=1.75m                         (f) h=2m 
 
(g) h=5m 
图 5.17 不同竖井高度时隧道和竖井内的速度失量图（火源功率 3MW） 
5.3.4 自然排烟效果对比分析 
1. 竖井排烟的控制力分区 
不同火源功率下，竖井排出气体的质量流量随高度的变化情况如图 5.18 所示。
在 4 种火源功率下竖井质量流量随高度的变化趋势基本一致。总体看来，竖井越
高，其排出的质量流量越大。当竖井高度较低时(0-0.75m)，在该竖井高度范围内，
竖井质量随高度的增大而增大，但是增幅缓慢；当竖井升高到 1m 时，竖井质量
流量发生突变，迅速增大；然后，随着竖井高度的继续升高，竖井质量流量基本
上呈线性增大的趋势。 
在一定的火源功率下，隧道内烟气的水平惯性力不变，随着竖井高度的增大，
烟囱效应增强，烟气受到内外压差引起的竖向惯性力增大。当竖井高度较低时
(0-0.75m)，相对于竖向惯性力来说烟气自身的水平惯性力较大，对烟气的运动状
态起控制作用。烟气在较强的水平惯性作用下向竖井下游流动，所以竖井质量流
量较小。随着竖井的升高，烟气受到的竖向惯性力逐渐增大，水平惯性力对烟气
的控制作用逐渐减弱。在竖井高度为 1m 时竖井质量流量迅速增大，说明此时竖
井排烟的主要驱动力发生了改变。随着竖井的继续升高，烟气受到的竖向惯性力
越来越大，竖井质量流量基本上呈线性增加，相对于自身的水平惯性力来说，烟
气受到的竖向惯性力较大，逐渐对烟气的运动状态起控制作用。 
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图 5.18 不同火源功率下竖井质量流量随高度的变化情况 
因此，根据烟气受力情况的变化，可以将不同火源功率下竖井质量流量随高
度的变化情况分成三个区间：水平惯性力控制区、过渡区和竖向惯性力控制区。
在过渡区，对排烟起控制作用的力逐渐由烟气自身的水平惯性力向内外压差引起
的竖向惯性力过渡。此外，通过对比前文对竖井临界吸穿高度的判定可以发现，
在不同的火源功率下，当竖井升高到临界吸穿高度时，较大的竖向惯性力导致竖
井下方的烟气层厚度基本上为 0，此时排烟进入到竖向惯性力控制区。 
2. CO 的体积分数 
隧道内和竖井顶部开口处 CO 的体积分数如图 5.19 和 5.20 所示。竖井上游
5m 处（不受排烟影响的区域）的 CO 体积分数随竖井高度基本不变，说明不同
工况下烟气层中空气的卷吸情况基本稳定。竖井顶部开口处的 CO 的体积分数随
竖井高度增大而不断下降并逐渐达到稳定值。CO 的体积分数越低，说明竖井排
出的气体中纯烟气的浓度越低。 
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图 5.19 竖井上游 5m 处隧道内 CO 体积分数 
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图 5.20 竖井顶部开口处 CO 体积分数 
测定 CO 浓度的目的是为了研究由于竖井排烟导致的空气卷吸情况，根据隧
道中 CO 的平均体积分数 COtunnel和竖井排出烟气中 CO 的平均体积分数 COshaft
可以分别求出竖井排出的气体中纯烟气的量和空气的量，其计算方法为： 
 shaft
tunnel
s s
s a e
CO m m
CO m Cm m
 

 (5.13) 
与公式(5.8)~(5.10)联立可以分别得到竖井排出的纯烟气的量( sm )、竖井排烟导致
的空气卷吸增量( am ) 和 C 值。 
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3. 排烟效果分析 
根据前文的分析可知，竖井排出的质量流量随着竖井高度的增大而增大，但
是，当竖井高度过高时，排烟口下方的烟气层会发生吸穿现象，大量的冷空气被
直接吸入竖井，破坏了隧道内烟气的稳定分层结构。因此，竖井排出的质量流量
并不能完全反应竖井排烟效果的好坏。为了综合评估竖井的排烟效果，还需要对
比分析不同高度竖井导致的空气卷吸增量以及其通过竖井排出的比例，如图 5.21
和 5.22 所示。 
随着竖井高度的增加，竖井排烟导致的空气卷吸增量也逐渐增大。当竖井下
方的烟气层发生吸穿以后，随着竖井升高，空气卷吸增量中通过竖井排出的比例
逐渐趋于稳定，火源功率 3MW、5MW、10MW 时 C 为 70%左右，火源功率 15MW
时 C 为 80%左右。同时，由于空气卷吸增量随着竖井的升高持续增加，未被竖
井排出的而进入隧道下游烟气层中的空气也会随着竖井的升高越来越大，从而导
致隧道下游内烟气层的质量流量逐渐增大，不利于控制烟气及人员的安全疏散。
因此，可以得出与 5.2 节相同的结论，当竖井下方的烟气层发生吸穿以后，自然
排烟的效果并不随竖井的升高而逐渐改善。 
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图 5.21 竖井排烟导致的空气卷吸增量 
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图 5.22 空气卷吸增量中通过竖井排出的比例 
图 5.23 给出了不同火源功率时，竖井排出的纯烟气、空气以及总的质量流量
随竖井高度的变化情况。通过对比可以发现，4 种火源功率下各质量流量具有相
似的变化趋势。竖井排出的总质量流量和其中空气的质量流量随着竖井的升高逐
渐增大，特别是在竖向惯性力控制区，二者都呈线性变化，且斜率基本一致。然
而，竖井排出的纯烟气量随竖井高度基本保持稳定。这说明竖井排出的质量流量
的增加主要是由于竖井高度处于竖向惯性力控制区时发生了吸穿现象，大量的冷
空气被直接吸入竖井，导致竖井排出的空气量显著增加。在竖向惯性力控制区，
随着竖井高度的增加，其排出的有效烟气量变化不大，反而会造成隧道内上层热
烟气与下层冷空气的剧烈掺混。 
因此，当竖井达到临界吸穿高度时能够取得最佳的排烟效果，根据小尺寸实
验得到的临界 Ri’数判据可以计算出临界竖井高度。在此高度下，竖井能够排出
较多的纯烟气同时又不至于引起竖井下方的烟气层吸穿和较大的空气卷吸增量。 
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图 5.23 火源功率 3MW 时各质量流量随竖井高度的变化情况 
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图 5.24 火源功率 5MW 时各质量流量随竖井高度的变化情况 
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图 5.25 火源功率 10MW 时各质量流量随竖井高度的变化情况 
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图 5.26 火源功率 15MW 时各质量流量随竖井高度的变化情况 
5.4 本章小结 
本章采用实验和数值模拟的方法来研究竖井的自然排烟过程，实验研究在相
似比为 1:6 的小尺寸隧道实验台内开展，数值模拟工作采用 FDS 来模拟一全尺
寸公路隧道来开展研究，阐明了竖井排烟的机理，根据竖井排烟的驱动力分区得
到了判断排烟效果的临界判据。 
首先，通用小尺寸实验来研究隧道竖井自然排烟的效果。随着竖井高度升高，
烟囱效应增强，竖井内会分别出现特殊的边界层分离和吸穿现象。当竖井较低时，
边界层分离现象明显，在竖井上游会存在较大的涡旋结构造成一部分排出烟气回
流入竖井，减小了竖井的有效排烟空间，降低排烟效率；随着竖井的升高，边界
层分离现象逐渐消失，但是当竖井过高时，较强的烟囱效应会引起排烟口下方的
烟气层吸穿现象，此时烟气层凹陷点进入竖井中，导致排烟口下方的烟气层厚度
降为 0，环境冷空气被竖井直接排出，同样影响排烟效果。因此，基于对竖井排
烟过程的影响因素分析，得到了判定临界竖井高度的无量纲 Ri’数判据。 
接下来，采用大涡模拟的方法对隧道和竖井内的温度和速度场随竖井高度的
变化进行细致分析，揭示了竖井排烟过程的控制力分区，将不同高度竖井的排烟
过程分为水平惯性力控制区、竖直惯性力控制区以及二者之间的过渡区。并不是
竖井越高排烟效果越好，定义达到最佳排烟效果的竖井高度为临界吸穿高度，此
时边界层分离现象能够得到有效抑制，同时又能避免吸穿现象的发生。 
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本章符号 
罗马字母 
A    竖井截面积 
C    系数 
iCO    烟气层内的第 i 个 CO 浓度测点的值 
D*    特征长度 
d    排烟口下方烟气层厚度 
F    改进的 Froude 数 
hF     水平惯性力 
vF     竖向惯性力 
g    重力加速率 
h    竖井高度 
am     竖井排烟量中排出空气的质量流率 
am     竖井排烟引起的空气卷吸增量 
em     总排烟量 
fm     生成烟气羽流的质量流率 
sm     竖井排烟量中纯烟气的质量流率 
∆P    烟囱效应引进的压强差 
Q     热释放速率 
Ri’    改进的 Richardson 数 
t     烟气层内的第 i 个温度测点的值 
T     烟气层平均温升 
Ts    烟气温度 
T∞    环境温度 
eu     排烟口处速率 
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v    无排烟时排烟口下方烟气速度 
w    竖井宽度 
希腊字母 
∆ρ    烟气与空气密度差 
ρ∞    空气密度 
ρs    烟气密度 
ρs0    无排烟时烟气密度 
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第6章 结论 
6.1 本文结论 
近年来陆续发生了多起重特大隧道火灾，造成了惨重的人员伤亡和财产损失。
因此，研究城市公路隧道内受限火羽流特性和的烟气控制方法具有重要的意义。
本文在分析了隧道内受限火羽流和顶棚射流运动规律及火灾烟气流动过程的基
础上，采用理论分析、小尺寸模型实验与数值模拟相结合的方法对隧道内受限火
羽流特征和竖井自然排烟机理展开了一系列研究： 
1、火源横向位置对弱羽流驱动顶棚射流最高温度及火焰特征的影响 
通过开展小尺寸实验研究弱羽流撞击顶棚时不同火源横向位置下隧道侧壁
对火焰高度、羽流受限程度以及顶棚下方最高温度的影响。改变火源与侧壁的距
离分别为 1.0（位于隧道中心线上），0.75，0.5，0.4，0.3，0.2 和 0 米（贴壁火），
随着与侧壁距离的减小，羽流卷吸空气逐渐受限限制，火源受限程度增强，导致
火焰高度逐渐增大；特别是当火源贴壁时，羽流卷吸空气的过程受限最大程度的
抑制，相比与火源位于隧道中心线上的情况，火焰显著升高。此外，根据火焰高
度与火源功率的变化规律可以得到羽流卷吸系数 EF 的变化关系式，所谓卷吸系
数，即是指受限与非受限情况下卷吸入羽流中的空气质量流率之比。当火源贴壁
时，EF 的值为 0.46，说明卷吸入贴壁火的空气量只有火源位于隧道中心线上时
的 46%。正是由于火源贴壁时卷吸空气严重受限，才导致贴壁火火焰高度显著升
高。对于弱羽流撞击顶棚的工况，火焰高度低于顶棚，在隧道结构的限制下，顶
棚下方会蓄积一定厚度的烟气层，相比于非受限顶棚来说，不同工况下隧道内烟
气层的属性会影响顶棚下方的最高温度。实验结果显示，与火焰高度变化规律类
似，随着火焰与侧壁距离的减小，顶棚下方最高温升变化不大，直至火源贴壁时，
顶棚下方最高温升显著升高。对于不同火源横向位置时顶棚下方最高温升的变化
规律，本文分别从火焰高度和隧道上部烟气层两方面的影响进行了研究。定义了
表征火焰功率相对大小的无量纲火源功率 * 'Q 并提出了将热烟气层对顶棚下方
最高温度的影响转化到的虚点源中的思路。结合量纲分析理论，分别建立了火源
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贴壁和非贴壁情况下弱羽流撞击时顶棚下方最高温升的预测公式。此外，通过与
前人在不同隧道截面形状、尺寸的全尺寸和小尺寸实验数据的对比很好的验证了
预测关系式的准确性并给出了其适用条件。同时需要指出的是，对于强羽流撞击
顶棚的情况（间歇/连续火焰撞击顶棚），顶棚下方最高温升的预测值会偏低。 
2、侧壁对强羽流驱动顶棚射流火焰蔓延长度及温度分布的影响 
通过开展小尺寸实验研究强羽流撞击时顶棚下方火焰蔓延长度与顶棚射流
温度分布规律。分别设计了火源位于开放空间、火源贴壁（无顶棚）、火源位于
隧道中心线上、火源隧道内贴壁等 4 个系列不同火源受限程度的对比实验。实验
结果显示当火源位于隧道中心线上时，顶棚下方的火焰形状为圆形；然而当火源
位于隧道内贴壁时，顶棚射流火焰形状则变为半椭圆形，且由于火焰卷吸空气的
两种竞争作用机制，随着火源功率的增大，椭圆的长轴逐渐由垂直与侧壁转变为
与侧壁平行。最终基于量纲分析分别得到了沿隧道横向和纵向火焰蔓延总长度随
火源功率的变化关系式，并与前人的实验结果进行了对比验证。对于强羽流撞击
顶棚的情况（间歇/连续火焰撞击顶棚），通过与实现视频和顶棚下方温度数据的
对比分析，可以得到判断羽流撞击情况的两个临界温升值为 400K 和 600K，当
撞击点处温升∆T0<400K，400<∆T0<600K，∆T0>600K 时，分别对应于浮力羽流、
间歇火焰和连续火焰撞击顶棚。与火焰蔓延长度类似，隧道内贴壁火顶棚下方的
温度分布同样是非对称的，选取顶棚高度处的羽流半径为特征长度，可以分别得
到近火源区沿隧道横向和纵向的顶棚下方温升分布关系式。 
3、不同高度时隧道竖井自然排烟的有效性 
开展小尺寸实验和数值模拟研究了竖井高度对城市公路隧道自然排烟效果
的影响及竖井自然排烟的机理。随着竖井的升高，自然排烟过程中会分别出现两
种特殊边界层分离和吸穿现象，它们都会减弱竖井排烟的有效性，影响排烟效果。
当竖井较低时，在竖井上游与隧道顶棚连接处会出现非常明显的边界层分离现象，
导致竖井内部产生大尺寸的涡旋结构，造成一部分烟气回流入竖井，不利于烟气
排出。随着竖井的升高，边界层分离现象逐渐减弱直至消失，但是当竖井过高时
又会发生烟气层吸穿现象，此时排烟口下部烟气层厚度降为 0，导致大量冷空气
通过竖井直接排出，一方面减小了竖井的有效排烟比例，减弱了竖井排烟效果，
同时引起隧道内烟气层的失稳，不利于烟气控制与人员疏散。根据控制竖井排烟
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过程的控制力分区，不同高度竖井的排烟过程可分为水平惯性力控制区、竖直惯
性力控制区与二者之间的过渡区。在过渡区内存在临界竖井高度，在此高度下边
界层分离可以得到明显的抑制同时又避免了吸穿的发生，可以达到最好的排烟效
果。基于对竖井自然排烟机理的分析，本文提出了判断临界竖井排烟效果的临界
Ri’数判据，且 Ri’=1.4 时竖井自然排烟系统可以达到最好的排烟效果。 
6.2 创新点 
1、弱羽流撞击顶棚时，火焰高度和羽流卷吸系数的变化规律 
根据火源位于隧道内不同位置时火焰形状的变化情况，基于量纲分析得到了
火焰高度与无量纲火源功率的变化关系。当火源位于隧道中心线上时，火源与侧
壁的距离最远，受限程度最低，火焰高度值也最小；随着火源向侧壁靠近，火焰
高度小幅增大，直至火源贴壁时，火焰高度显著升高，火源受限程度最强，此时
羽流卷吸系数为 0.46，也即是卷吸入羽流的空气量仅为火源位于隧道中心线上时
的 0.46 倍。 
2、弱羽流撞击顶棚时，火焰高度对顶棚下方最高温度的影响 
与火焰高度的变化规律类似，对于非贴壁火源，随着火源向侧壁靠近，顶棚
下方最高温升变化不大，一旦火源贴壁，顶棚温升将会显著升高。根据顶棚温升
与火源高度的变化关系，定义表征火源功率相对大小的无量纲功率 * 'Q ，分别得
到火源贴壁和不贴壁时，顶棚下方最高温升的预测公式并通过与前人实验数据对
比验证了公式的有效性和适用范围。 
3、弱羽流撞击顶棚时，隧道上部热烟气层对顶棚下方最高温度的影响 
针对顶棚射流过程以及热烟气层对顶棚温度影响的复杂性，提出了等效虚点
源的思路，将隧道内（贴壁、非贴壁）受限火羽流转化为开放空间火羽流，将上
部热烟气层对顶棚温度的影响归结到虚拟点源的位置中来。根据实验测量结果结
合量纲分析分别得到了不同工况下的虚点源高度及其预测关系式。通过与前人多
种隧道截面形状、尺寸的全尺寸和小尺寸实验数据对比验证了该方法的可行性，
同时给出了基于虚点源高度的预测关系式的适用范围。 
4、强羽流撞击顶棚时，建立火焰蔓延长度表达式 
当火源功率较大时，火焰直接撞击顶棚，对于不同的火源功率和高度，顶棚
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射流火焰在隧道横向和纵向具有不同的演化行为。当火源位于隧道中心线时火焰
在横向和纵向方向蔓延长度基本相等，顶棚下方的火焰形状为圆形；然而当火源
位于隧道内贴壁时，顶棚下方的火焰形状变为半椭圆形，且随着火源功率的增大，
椭圆长轴逐渐由垂直与隧道侧壁转变为平行于隧道侧壁。基于卷吸竞争机制的角
度解释了顶棚下方火焰形状变化的原因，同时提出了不同工况下火焰高度和长度
的预测关系式，并与前人的实验数据进行了对比验证。 
5、强羽流撞击顶棚时，顶棚射流温度分布规律 
揭示隧道内火源贴壁强羽流撞击时顶棚下方温度分别在隧道横向和纵向的
分布规律。根据火源上方竖向温度分布及火焰图像确定当撞击区顶棚下方温升
∆T0<400K, 400<∆T0<600K, ∆T0>600K 分别对应于浮力羽流、间歇火焰以及连续
火焰撞击顶棚，得到了不同工况下撞击区顶棚下方温升的预测关系式。通过修正
前人提出的强羽流撞击非受限顶棚特征长度，得到了火源贴壁时强羽流撞击顶棚
下方温升在隧道横向和纵向的预测公式。 
6、不同高度时竖井的自然效果与排烟机理分析 
通过小尺寸隧道竖井自然排烟实验和全尺寸隧道竖井自然排烟数值模拟，阐
明了竖井排烟的机理，根据竖井排烟的驱动力分区得到了判断排烟效果的临界判
据。发现随竖井高度升高，烟囱效应增强，竖井内会分别出现特殊的边界层分离
和吸穿现象。基于对竖井排烟过程的影响因素分析，得到了判定临界竖井高度的
无量纲 Ri’数判据。 
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ABSTRACT 
This paper investigates the ceiling temperature profiles of a strong plume impinging flow, induced by 
a turbulent porous gas burner impinging on the confined ceiling of a long-narrow tunnel-like structure. 
A series of model scale experiments were conducted for fire against a tunnel sidewall with increasing 
vertical fire locations. Measurements are presented of the vertical temperature profiles against the 
sidewall and radial horizontal temperature profiles under the ceiling. Results show that the ceiling 
excess temperature at the impingement point, ∆T0, of 400K and 600K can be considered as the two 
critical values to estimate the impinging condition. For the strong plume impingement plume, the 
temperatures at the impingement point can be well correlated by the three-regime of buoyant plume, 
intermittent flame and continuous flame. The horizontal temperature profiles under the ceiling show 
obviously asymmetric. It is confirmed that the characteristic length scale of plume radius at ceiling 
level is sufficiently applicable for predicting the ceiling excess temperatures, and the correlations of 
the ceiling excess temperature in both transverse and longitudinal directions are proposed and 
validated by comparing with previous research. 
KEYWORDS: Ceiling temperature, impinging flow, strong plume, tunnel 
NOMENCLATURE 
b plume radius at ceiling level (m) 
cp specific heat (J/kg∙K) 
D equivalent fire diameter (m) 
g gravity acceleration (m/s2) 
H ceiling clearance above fire (m) 
Q  total heat release rate (kW) 
cQ  convective heat release rate (kW) 
*Q  demensionless heat release rate 
(kW) 
r radius from fire axis (m) 
∆T0(H) centerline excess temperatur (K) 
T∞ ambient temperature (K) 
∆T0 centerline excess temperature (K) 
z height above fire source (m) 
z0 height of virtual origin (m) 
Greek 
ρ∞ density of ambient air (kg/m3) 
1. INTRODUCTION 
When a ﬁre occurs, the plume rises from the seat at the ﬁre and spreads radially outward over the 
ceiling to form the so-called ceiling jet. In practice, most of the devices associated with fire 
detection and ﬁre suppression are located near the ceiling surfaces. The characteristic parameters 
of the ceiling jet flow, such as the ceiling temperature and velocity, largely determine the 
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response of sprinklers, heat detectors and smoke detectors under the ceiling [1]. Hence, it is 
important to quantify the magnitude and distribution of ceiling jet parameters. 
For the weak plume impingement condition, i.e. fires of low flame compared to the ceiling 
height, extensive studies have been conducted since the 1950s [2-7]. Alpert [2] provided simple 
correlation equations for predicting the maximum excess temperature under the unconfined 
ceiling. The equations are given in two regions: a region close to the plume where the properties 
are independent of r, and the other region further away from the plume where r must be taken 
into accounted, 
max
2/3 5/3T  / 0.1816.9 / r HQ H∆ = ≤ , (1) 
( ) ( )2/3T /   / 0.185.38 /r r HQ r H∆ = > , (2) 
where ∆Tmax is the maximum ceiling excess temperature, ∆T(r) is the ceiling excess temperature 
at a given position r, H is the ceiling clearance above fire source. Concerning weak plume 
impinging on the confined ceiling, Gao et al. [3, 4] presented experimental investigations to 
explore the inﬂuence of the accumulated hot upper layer on the maximum ceiling gas 
temperature and proposed the predicting correlations.  
For the strong plume impingement condition, i.e. the ﬂame is comparable to or larger than 
the ceiling, relatively limited researches have been published before [8-11]. As the impinging 
plumes have large excess temperatures and density defects compared to ambient levels, 
Heskestad and Hamada [8] gave an improved correlation of ceiling excess temperature for strong 
impingement plume, 
( ) ( )[ ]10/ ( ) 1.92 / exp 1.61 1 /    1<r/b<40T T H r b r b
−
∆ ∆ = − − , (3) 
where ∆T is the ceiling excess temperature, ∆T0(H) is the centerline excess temperature at ceiling 
level, r is the radius from fire axis, b is plume radius at ceiling level and can be expressed as, 
( )
1/ 2 2/5
1/ 24/5 3/5 2/5 0
3/5
0
( )
5.67
( )
c
p
T H Q
b c T g
T H
ρ
−
∞ ∞
=
∆
  

, (4) 
where cp is the specific heat of air, ρ∞ is the ambient air density, T∞ is the ambient temperature, g 
is the gravitational acceleration, 
cQ  is the convective heat release rate (HRR) which equals to 70% 
of total HRR for propane [8]. Moreover, Kung et al. [9] and Zhang et al. [10] confirmed the 
applicability of Heskestad’s equation for the strong plume impinging flow upon a horizontal 
ceiling using rack storage fire and round jet fire, respectively. Most of the previous researches 
were aimed at the free impingement flow on unconfined ceiling. However, in the tunnel fire 
scenarios, fire is always confined by the sidewall to some extent and its confinement effect will 
certainly influence the fire plume ceiling jet properties, which is not adequately understood yet. 
Therefore, a series of experiments were conducted for fire against tunnel sidewall to study 
the sidewall effect on the horizontal temperature profiles under the confined ceiling. New 
correlations are proposed to describe the ceiling excess temperature, taking different HRRs, 
vertical fire heights and radial directions in to account. 
2. EXPERIMENTAL SETUP 
A series of experiments were carried out for fire against a1/6th model-scale tunnel sidewall. The 
model is 6 m long, 2 m wide and 0.88 m high. 20 mm thick fireproofing boards were used to 
make the top, bottom and one sidewall of the tunnel, the other sidewall was made up of 10 mm 
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thick fire-resistant glass to observe the experimental phenomena. Fire source was placed at 0 m, 
0.17 m and 0.35 m above the floor to account for the effect of different vertical fire locations. 
The schematic of the experimental apparatus is shown in Fig. 1. 
 
Fig. 1 Geometrical arrangement of the experiments 
A 0.15 m square porous gas burner was used with propane as fuel. The fuel supply rate and 
heat release rate were controlled by a ﬂow meter. The combustion heat of propane was 46.45 kJ/g 
[12] and complete combustion was assumed for estimating heat release rate (HRR). In the 
experiments, 8 different fire powers were used with HRR of 15.94, 26.57, 39.85, 53.13, 66.42, 
79.71, 92.99 and 106.28 kW. Each case was repeated two times to assure its reliability and 
repeatability. 
The experimental phenomena were monitored from the front view and side view by two 
digital cameras (DV). Temperatures were measured with K-type stainless steel-sheathed 
thermocouples of 1 mm diameter. The vertical temperatures were measured by a column of 8 
thermocouples placed from 0.14 to 0.87 m above the floor, 0.01 m away from the sidewall. A 
total of 56 thermocouples were located 0.01 m under the ceiling to measure the radial 
temperature distribution of the impingement flow, as shown in Fig. 2. The ambient temperature 
during the experiments was about 25-30℃. 
 
Fig. 2 Schematic diagram of the thermocouple arrangement under the ceiling 
3. RESULTS AND DISCUSSION 
3.1 Vertical temperature distribution 
When fire is immediately adjacent to the sidewall of tunnel, the fire plume firstly extends upward 
along the sidewall and then impinges on the ceiling and spreads radially over it. For large heat 
release rate (HRR), flame is comparable to or larger than ceiling, forming the so-called strong 
plume impingement condition. 
Side view 
2m 3.1m 0.9m 
1.0 
 
22 TC 
9 TC 
10 TC 
TC: thermocouple 
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Fig.3 Vertical temperature distribution along the sidewall for fire on the ground 
Figure 3 shows the vertical temperature distribution along the sidewall of tunnel for fire on 
the ground. It can be seen that for smaller HRR (15.94-53.13 kW), the vertical temperatures, ∆T0, 
decrease with height above fire source, owing to increasing air entrained into the plume. While 
for larger HRR (66.42-106.28 kW),   first increase with height and then keep basically constant. 
For the height very close to the burner surface there is a cone-shaped fuel-rich region just above 
the burner surface surrounded by the flame envelope near the boundary. In this fuel-rich core, the 
gas temperature is lower than that of flame and decrease to the burner surface [13], and the larger 
the HRR, the greater the fuel-rich volume above the burner. This is the reason why there is a 
temperature-decreasing region above fire source for larger HRR (66.42-106.28 kW). 
With the increase of HRR, flame becomes higher and eventually impinges on the ceiling, 
combined with the experimental phenomenon recorded during the tests (see Fig. 3), it can be 
found that the impinging flow changes from buoyant plume to intermittent flame to continuous 
flame, and the impinging ceiling excess temperature increases from about 250K to more than 
850K. 
 
   Fig.4 Fire 0.17 m above the floor                         Fig.5 Fire 0.35 m above the floor 
Figures 4 and 5 show vertical temperature distribution for fire 0.17 and 0.35 m above the 
floor, respectively. It can be seen that the temperature has basically same trend with fire on the 
floor. With the elevation of fire (0-0.35 m), the ceiling clearance above fire source, H, gets 
smaller and flame becomes easier to impinge on the ceiling. For example, when fire is 0.35 m 
above the floor, flame impinges on the ceiling for all the HRRs. Compared with the experimental 
results for different HRRs and vertical fire locations (see Figs. 3-5), it can be held that the ceiling 
excess temperature of 400K and 600K are two critical values to estimate the impinging condition 
under the ceiling. For ∆T0<400K, 400<∆T0<600K, ∆T0>600K, buoyant plume, intermittent flame 
and continuous flame impinges on the ceiling, respectively. 
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3.2 Ceiling excess temperature at impingement zone 
The ﬁre plume in open space is conventionally divided into three zones, namely the continuous 
ﬂame zone, the intermittent flame zone and the buoyant plume zone. The relationships of 
centerline excess temperature for the three zones are given by [13]: for continuous ﬂame zone, 
( )02/50 /T z Q T∞∆ ∝  , for intermittent flame zone ( )
12/5
0 /T z Q T
−
∞
∆ ∝  , for buoyant plume zone, 
( ) 5/32/50 /T z Q T
−
∞
∆ ∝  .
 
 
Based on the analysis of section 3.1, for different HRRs and heights of fire, the 
impingement zone under the ceiling can situate in different fire plume zones. To validate the 
applicability of the scaling laws for the ceiling excess temperature at impingement zone, the 
correlation can be nondimensionalized as, 
( )00
*2/5
/
 vs. 
z z DT
T Q
∞
−∆

, (5) 
where *Q  and 0z  are respectively given by [14] 
* 5/ 2
pQ Q T c g Dρ∞ ∞=  , (6) 
2/5
0 0.083 1.02z Q D= − , (7) 
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( )0 2.79 T H
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∆
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
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Fig.6 Ceiling excess temperature against normalized ceiling clearance height 
The relationship between ceiling excess temperature and normalized ceiling clearance 
height is shown in Fig.6. It can be seen that ceiling excess temperature at impingement zone also 
obeys the three zones division and has the same attenuation law with height. Therefore, the 
correlations for each zone can be obtained as, 
for the continuous ﬂame zone, 
( )0 / 2.79 T H T∞∆ = , (8) 
for the intermittent flame zone, 
( ) ( )
 1
0
0 *2/5
/ 4.03
H z D
T H T
Q
−
∞
−
∆ =
 
  
, (9) 
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for the buoyant plume zone, 
( ) ( )
 5/3
0
0 *2/5
/ 7.37  
z z D
T H T
Q
−
∞
−
∆ =
 
  
, (10) 
3.3 Temperature profiles under the ceiling 
Figure 7 plots the contour proﬁles of average ceiling temperature at quasi-steady state, taking fire 
0.35 m above the floor as examples. In the figure, the impingement point right above the fire is 
set as the origin of coordinates, the abscissa and ordinate indicate the distance from origin in 
transverse and longitudinal direction, respectively. It can be seen that with the increase of HRR, 
longer flame extends under the ceiling and the temperature in the whole area increases 
correspondingly. Obviously, owing to the restriction of sidewall, the ceiling temperature 
distribution is not radial symmetric, the longitudinal temperatures show larger than the transverse 
ones for the same distance to origin. The reason is that the extension in longitudinal direction is 
confined by the corner intersecting of ceiling and sidewall and the heat is more difficult to be lost 
to the environment, causing larger temperature compared to the transverse flow. So the radial 
temperature profiles show asymmetric under the ceiling and it is necessary to estimate the 
horizontal ceiling temperature in transverse and longitudinal direction, respectively. 
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Fig. 7 Ceiling temperature contour profiles for fire 0.35 m above the floor 
In the previous work of weak plume impingement, the ceiling clearance above fire source 
(H) is always employed as the characteristic length scale to normalize the horizontal distance 
from the impingement point (r) [2, 5-6]. The correlation can be written as, 
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( ) ( ) ( )0T / T fn /r H r H∆ ∆ = , (11) 
We will first validate this correlation for strong plume impingement flows. Figure 8 plots the 
non-dimensional temperature proﬁles ( ( ) ( )0T / Tr H∆ ∆ ) against r/H for different vertical fire 
locations in transverse direction. It should be noted that only the cases of strong plume 
impingement are adopted. It can be seen that the convergence is not well and the data of different 
cases are scattered with each other, which means that the correlation for weak plume 
impingement is not suitable to be directly used for the strong plume condition. For weak plume, 
the width or radius of the plume is basically proportional to the height above the source [1, 15]. 
While for strong plume, the excess temperature at ceiling is much larger than the ambient level, 
plume radius is far more influenced by the HRR of fire in addition to the height above fire source. 
Thus, it seems arbitrary to choose H as characteristic length scale here, resulting in quite scatter 
data. 
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Fig. 8 Horizontal temperature distribution in transvers direction 
As previously stated, Heskestad and Hamada [8] achieved good results of ceiling excess 
temperature by using the plume radius at ceiling level as the characteristic length scale for strong 
plume impinging flow. Figure 9 shows the non-dimensional temperature proﬁles against 
horizontal distance normalized by characteristic plume radius b in transverse direction. It can be 
found that the convergence of the measured data has been evidently improved by employing the 
plume radius at ceiling level as the characteristic length scale. This is because the impingement 
zone is directly related to the plume radius at the ceiling, which in turn influences the attenuation 
of radial temperature. Since the ceiling excess temperature ∆T0(H) in the correlation of b (see Eq. 
4) relies on the height of fire source, as a matter of fact, the variation of vertical fire location has 
been taken into account. 
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Fig. 9 Temperature distribution against normalized distance in transverse direction 
When r/b is less than 1.4, the ceiling excess temperatures show constant and basically equal 
to the predicted values at the impinging point (∆T0(H)), whereas out of this region the 
temperatures decay linearly in the double logarithm coordinate, which is then defined as the 
attenuation zone. Therefore, referring to the division of ceiling temperature profiles by Alpert [2] 
(see Eqs. 1-2), it is natural to divide the horizontal plume into the impingement zone and 
attenuation zone. Moreover, the attenuation zone can be divided into two parts based on the 
normalized distance from impingement point. Due to the influence of fluctuating flame, the 
decaying rate in the first part (k=-3/5) shows smaller than that in the second part (k=-1). The 
correlations can be given by, 
( ) ( )0    r/b 1.4T r T H∆ = ∆ ≤ , (12) 
( )
( )
( )
( )
3/5
1
0
1.21 /    1.4<r/b<3
1.89 /           3 r/b
r bT r
T H r b
−
−
∆
=
∆ ≤



, (13) 
The black solid line in the figure shows the Heskestad’s equation (Eq. 3) of strong plume 
impingement flow. It should be noted that that this equation is obtained from the conditions of 
free fire impinging on an unconfined ceiling. As it is shown, owing to the confinement effect of 
sidewall the experimental data show a bit larger than the predicted values by Heskestad’s 
equation in the near field of impingement point. With the increase of r/b, the influence of 
sidewall gradually weakened and then Heskestad’s equation fits much better with the 
experimental results. 
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Fig. 10 Temperature distribution against normalized distance in longitudinal direction 
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The temperature distribution in longitudinal direction is presented in Fig. 10. It can be seen 
that the temperature profiles can also be divided into the impingement zone and attenuation zone. 
As shown in Fig. 7, the temperature profiles under the ceiling are not axisymmetric and the 
longitudinal temperatures are larger than the transverse ones for the same distance from 
impingement point. So the impingement zone in Fig. 10 shows larger, within the region of 
r/b≤1.7. Then the correlations can be given by, 
( ) ( )0    r/b 1.7T r T H∆ = ∆ ≤ , (14) 
( )
( )
( )
( )
3/5
5/3
0
1.37 /      1.7<r/b<4.3
6.42 /           4.3 r/b
r bT r
T H r b
−
−
∆
=
∆ ≤



, (15) 
It can be seen that the temperature in the first attenuation part are larger than those in 
transverse direction but has the same decaying rate (k=-3/5). However, in the second attenuation 
part, the temperature in longitudinal direction has larger decaying rate (k=-5/3) compared to the 
transverse direction (k=-1), which means that in the far field of impingement point, the 
longitudinal ceiling temperatures decay faster than the transverse ones. Therefore, the 
Heskestad’s equation (black solid line) for free impingement flow can no longer agree with the 
experimental data in longitudinal direction. 
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Fig. 11 Measured and calculated excess gas temperatures beneath the ceiling 
The experimentally measured and predicted temperatures beneath the ceiling are plotted in 
Fig. 11. The values in transverse and longitudinal directions are marked as solid and hollow 
symbols, respectively. It can be seen that the proposed formulae for ceiling temperature profiles 
of different HRRs and vertical fire heights can give relatively good predictions with errors less 
than 20%. 
4. CONCLUSIONS 
In this paper, a series of model scale experiments were conducted for fire against a tunnel 
sidewall with different vertical fire locations. The ceiling temperature profile of strong plume 
imping flow in both transverse and longitudinal directions were investigated. The major 
conclusions are summarized as follows: 
(1) The ceiling excess temperature at the impingement point, ∆T0, of 400K and 600K are 
determined as the two critical values to estimate the impinging condition. For 
∆T0<400K, 400<∆T0<600K, ∆T0>600K, buoyant plume, intermittent flame and 
continuous flame impinges on the ceiling, respectively. 
(2) The ceiling excess temperature at the impingement point can be well described by the 
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three-regime law and the correlations for each zone were obtained for different ceiling 
clearance heights and HRRs. 
(3) Due to the confinement effect of sidewall, unlike the unconfined plume, the horizontal 
temperatures under the ceiling show obviously asymmetric. Correlations for predicting 
the ceiling excess temperature in both transverse and longitudinal directions are 
proposed and validated by comparing with previous research. 
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Thermal ﬂowThis paper presents an experimental investigation to explore the inﬂuence of an accumulated hot upper
layer on the maximum ceiling gas temperature of buoyancy-driven thermal ﬂow in a reduced scale tun-
nel model. Experimental results show that the maximum excess temperature changes small with the
decreasing of distance between ﬁre source and the nearest sidewall until ﬁre is ﬂush with sidewall, then
the maximum ceiling gas temperature increases signiﬁcantly. A modiﬁed concept of virtual origin is
introduced for calculating the maximum ceiling gas temperature in the presence of a hot upper layer
beneath ceiling. On the basis of the experimental data and theoretical analysis, correlations of the virtual
source location are proposed for ﬁre placed out of touch and ﬂush with sidewall, respectively. Further, the
predicted maximum ceiling gas temperatures are compared with the measured ones for ﬁre out of touch
with sidewall as well as the data from other model-scale and full-scale tests. The results show that there
is a good agreement when the modiﬁed dimensionless heat release rate, _Qmod, which expresses the
relative size of heat release rate compared to the tunnel geometry, is smaller than 0.09, otherwise the
predicted maximum temperatures will be lower than the experimental values because of the impinge-
ment of intermittent ﬂame on the tunnel ceiling.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
In recent years, a number of high proﬁle accidental ﬁres have
occurred in numerous road and rail tunnels throughout the world.
Many of these ﬁres grew rapidly and caused tremendous deaths
and injuries and severe damage to the tunnel structures, such as
the Viamala Tunnel Fire in 2006, killing 9 people [1], the St. Gott-
hard tunnel ﬁre in 2001, killing 11 people and the Mont Blanc tun-
nel ﬁre in 1999, killing 41 people [2], etc. In case of a tunnel ﬁre,
the characteristics of buoyancy-driven thermal ﬂow, including
the ceiling gas temperature, distribution of hazardous combustion
products, the critical ventilation velocity and back-layering length
are important issues in evaluation its hazard degree [3–8]. Due to
the special narrow and long structure of tunnel, the high tempera-
ture smoke and heat are difﬁcult to be discharged timely and then
accumulate beneath the ceiling, which has a quite strong risk to
the stability of the tunnel structure. Once the steel bars in the con-
crete are exposed to the hot smoke over a certain period of time,
the strength of them will descend evidently, eventually causingthe collapse of tunnel structure. Therefore, in order to provide ade-
quate ﬁre protection for tunnel structure and properly design the
ﬁre detectors, the maximum gas temperature beneath the tunnel
ceiling to which the structure is exposed needs to be estimated.
Alpert [9] provided a simple correlation for predicting the max-
imum ceiling gas temperature, where the distances between ﬁre
and the nearest vertical wall should be not less than 1.8 times of
the ceiling height. The equation is given byDTmax ¼ 16:9
_Q2=3
H5=3
ð1Þwhere H is the ceiling height, _Q is the heat release rate. Ji et al. [10]
has conducted a series of experiments in a model-scale subway sta-
tion and demonstrated the validity of Alpert’s equation for deter-
mining the maximum ceiling gas temperature in the presence of
hot upper layer. In their experimental conditions, the distance
between ﬁre and the nearest sidewall is only 1.25 times of the ceil-
ing height. Considering the special narrow and long structure of
tunnel, the requirement of Alpert’s equation could not be met even
for ﬁre at the longitudinal centerline. Therefore, the validity of
Nomenclature
DTmax maximum excess gas temperature beneath the ceiling
DT0 plume centerline temperature
g gravity acceleration
H ceiling height
Hef vertical distance between ﬁre source bottom and ceiling
d distance between ﬁre source and the nearest sidewall
Ta ambient temperature
cp speciﬁc heat capacity
b radius of the ﬁre source
z0 virtual origin height
D equivalent diameter of ﬁre source
_Q heat release rate
_Qmod modiﬁed dimensionless heat release rate
_Qc the convective heat release rate
V longitudinal wind speed
Lf mean ﬂame height
Greek letters
qa density of ambient air
Superscripts and subscripts
f full scale
m model scale
Fig. 1. Photograph of the experimental apparatus.
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ﬁre close to the sidewall.
Kurioka et al. [11] proposed a model to predict the maximum
smoke temperature beneath the tunnel ceiling based on the exper-
iments in a model-scale longitudinal ventilated tunnel. Nonethe-
less, as Li et al. [12] pointed out, the equation by Kurioka cannot
predict the maximum ceiling temperature correctly in case of
low ventilation velocity. And they put forward a more applicable
equation for relatively low ventilation ﬂows, which is given by,
DTmax ¼ 17:5
_Q2=3
H5=3ef
; V 0 ¼ V g
_Q
bqacpTa
 !1=3,
6 0:19 ð2Þ
where _Q , b, Hef and V are the heat release rate, radius of the ﬁre
source, vertical distance between ﬁre source bottom and ceiling
and the longitudinal wind velocity in tunnel, respectively.
A review of the state of the art reveals that although a number of
correlations exist for the prediction of the maximum ceiling gas
temperature, however, in the former studies ﬁre sources are always
located at the longitudinal centerline of tunnel [5,6,11,12], as amat-
ter of fact ﬁre occurs at any transverse locations and the nearby
sidewall will inﬂuence the ceiling gas temperature more or less.
Due to this fact, there is a need to develop a reliable engineering
tool based on theoretical analysis that can predict the maximum
ceiling gas temperature more realistically, taking the tunnel
geometry, heat release rate and transverse ﬁre location into
consideration.
2. Experimental procedure
The experiments were conducted in a model-scale tunnel with
scale ratio of 1:6. The model tunnel is 6 m long, 2 m wide and
0.88 m high (see Fig. 1). As shown in Fig. 1, the side near the aisle
was made up of 6 mm thick ﬁre-resistant glass to observe the
experimental phenomena, the top, bottom and the other side of
tunnel were 8 mm thick ﬁreproof board. Its aspect ratio is deter-
mined based on a survey of 17 urban road tunnels in Beijing, Nan-
jing and Shenzhen in China, and is considered to be an extensive
representation. The idea of applying similar model to ﬁre research
was ﬁrst proposed by Thomas [13], after the development and
improvement of the later scholars [14,15], the approach of physical
scale modeling has evolved into an effective way to study the phe-
nomenon of ﬁre and smoke [5–8]. To ensure that the results can be
extrapolated to full scale, Froude modeling was applied with the
requirements for the equivalent ﬂows fully turbulent on both full
and model scale [13]. The previous work by us has conﬁrmed that
the smoke ﬂow inside this model-scale tunnel is indeed fully
turbulent with Reynolds number larger than 4000 [6]. The
dimensional relationships between the ﬂuid dynamics variableswere derived from ﬁrst principles by Morgan et al. [16]. By holding
the Froude number constant, the scaling of the temperature and
heat release rate between full and model scale are given by
Tm ¼ Tf and _Qm= _Qf ¼ ðlm=lf Þ5=2, where _Q is the heat release rate
(HRR), l denotes the size and lm/lf is the similarity ratio. The sub-
script ‘m’ and ‘f’ represent the model and full scale parameters,
respectively.
A total of 63 pool ﬁre tests were conducted with methyl alcohol
employed as fuel, each test was conducted two times to ensure
reproducible results within permitted error ranges. The oil pool
was placed on the ﬂoor with different distances to the ﬁreproof
sidewall, and the distances were 1, 0.75, 0.5, 0.4, 0.3, 0.2 and 0 m
respectively.
The burning rate of methyl alcohol pool ﬁre in the experiments
is fuel-controlled based on the semi-empirical equation proposed
by Harmathy [17]. That is, the burning rate under the experimental
conditions depends predominantly on the surface area of the oil
pools and the air supply is ample. Yi et al. [18] pointed out that,
with adequate air supply, combustion of methanol in the tunnel
is similar to that in free space. Therefore, in this research the burn-
ing rate determined by an electronic balance in open space is
adopted and the heat release rates (HRR) are 3.38, 4.93, 6.95,
9.44, 12.56, 16.45, 20.21, 23.80 and 29.57 kW, respectively. The
HRRs are in the range of 3.38 to 29.57 kW, with the corresponding
values in full scale between 0.30 MW to 2.61 MW.
A data acquisition system (Agilent 34980A) was used for the
temperature measurements and its sampling interval was set to
be 2 s. Gas temperature beneath the ceiling was measured by K-
type stainless steel-sheathed thermocouples with a diameter of
    (a) Tunnel                         (b) Ceiling
The ceiling
6 m
2 m
0.88 m
2 m
Fig. 2. The arrangements of the measuring points.
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before use and the accuracy of measured temperatures in the
experiments was estimated to be less than 3%. The maximum ceil-
ing excess temperatures in this paper were all determined by aver-
aging the values within the quasi steady state period in which the
temperatures maintained relatively steady values (350–450 s after
ignition). The ambient temperature during the experiments was
about 5–15 C. One set of thermocouples were mounted trans-
versely under the ceiling, 2 m away from the left opening of the
tunnel, as shown in Fig 2. All the thermocouples were mounted
15 mm below the tunnel ceiling. The exact positions of the trans-
versely mounted thermocouples are 0, 5, 7.5 10, 12.5, 15, 20, 40,
60, 75, 80, 90, 100, 120, 140, 160, 180, 200 cm from the ﬁreproof
sidewall. A detailed description of the facility can be found in [19].3. Results and discussion
3.1. Maximum ceiling excess temperature with different transverse ﬁre
locations
Fig. 3 shows the maximum excess gas temperature beneath the
ceiling with different transverse distances from the ﬁreproof side-
wall. It can be seen that DTmax increases with HRR for all the ﬁre
locations. Under a certain HRR, DTmax has a little increase with
the decrease of distance from 1.0 m to 0.2 m, while as the distance
continues to decrease to 0 m, i.e., ﬁre is ﬂush with sidewall, the
maximum excess temperature increases signiﬁcantly.
The ceiling gas temperature is directly related to the pattern of
smoke ﬂow in tunnel. When a ﬁre occurs, the plume rises from the
seat at the ﬁre and spreads radially outward over the ceiling and
then it reaches the corner formed by the sidewall and the ceiling
and turns downwards along it. However, since the wall ﬂow is at
a temperature higher than that of the ambient surroundings, it is0 5 10 15 20 25 30
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Fig. 3. Maximum ceiling gas temperature with different transverse ﬁre locations.subjected to an opposing buoyancy force and the wall ﬂow is thus
termed negatively buoyant wall jet [20–22]. Eventually, the down-
wards wall ﬂow with the action of vertically upward buoyancy
force reaches a stagnation point and reverses its direction forming
recirculating cells. The negatively buoyant wall ﬂowmay penetrate
the hot upper layer or be completely submerged in deep layer
under relatively large ﬁre power. In either case, on account of the
physical process of the wall ﬂow, the entrainment of ambient air
will be inevitably inhibited. Instead, the hot smoke will be
entrained into the recirculating cells. Provided that ﬁre is ﬂush
with sidewall, the recirculating cells easily ﬂow to the ceiling
region above ﬁre source, and lead to the increase of ceiling gas
temperature to a large degree (see Fig. 3). However, when ﬁre is
out of touch with sidewall the inﬂuence of the smoke recirculation
is so weak that it cannot increase the ceiling gas temperature obvi-
ously, as shown in Fig. 3. That is to say, the region affected by the
smoke recirculation due to the inhibition of air entrainment is lim-
ited and gets weaker and weaker with the increase of distance
from sidewall, because the downward negatively buoyant ﬂow is
retarded with the action of vertically upward buoyancy force. This
is consistent with the remark by Ji et al. [10] that the smoke recir-
culation produced by the sidewall had only insigniﬁcant effects on
the ceiling gas temperature when a ﬁre occurs at the longitudinal
centerline of a model scale subway station.
In addition, the experimental results are compared with the
previous formulae proposed by Alpert [9] and Li [12], respectively.
As shown in Fig. 3, the maximum excess gas temperatures pre-
dicted by Li’s equation are slightly larger than Alpert’s equation
and both results are close to the measured values for ﬁre at the lon-
gitudinal centerline. Neither Alpert’s nor Li’s study have considered
the inﬂuence of the inhibition of air entrainment when ﬁre
approaches the sidewall. With the decrease of distance from side-
wall, the inﬂuence of the recirculating smoke appears out gradu-
ally, which leads to the deviation of measured and predicted
temperatures becoming bigger and bigger and the maximum devi-
ation reaches when ﬁre is ﬂush with sidewall. The reason is that for
ﬁre with decreasing distances from sidewall, the air entrainment
process gets increasingly inhibited. Especially for ﬁre located ﬂush
with sidewall, the recirculating smoke ﬂows largely affect the
entrained mechanism of air compared to ﬁre out of touch with
sidewall, causing signiﬁcantly increase of ceiling gas temperature
right above the ﬁre source. Therefore, it is clearly that both of
the previous formulae applied for the maximum ceiling gas tem-
perature will become inadequate when ﬁre gets closer to the side-
wall and it is rather important to take the transverse ﬁre location
into consideration so as to satisfactorily predict the ceiling gas
temperature in tunnel.
3.2. Formulae for maximum excess temperature
As mentioned above, it is the recirculating hot smoke accumu-
lated beneath the ceiling that causes the increase of ceiling gas
temperature. Thus, the measured maximum ceiling excess temper-
ature will be compared with the calculated free plume centerline
temperature at the same height, with the purpose of estimating
the impact of the accumulated hot upper layer on the ceiling gas
temperature.
According to the Heskestad’s model [23], the plume centerline
temperature above the ﬂame height is calculated by,
DT0 ¼ 9:1 Tagc2pq2a
 !1=3
_Q2=3c ðz z0Þ5=3 ð3Þ
z0 ¼ 0:083 _Q2=5  1:02D ð4Þ
where z0 is the virtual origin, D is the diameter of the fuel source, Ta
is the ambient air temperature, qa is the ambient air density, cp is
Z.H. Gao et al. / International Journal of Heat and Mass Transfer 84 (2015) 262–270 265the speciﬁc heat capacity, _Q is the total HRR and _Qc is the convec-
tive HRR. For the liquid alcohol pool ﬁres, the total HRR is basically
the same as the convective HRR [24].
With respect to the ﬁre source against a vertical wall, Zukoski
[25] carried out one set of measurements and put forward a prac-
tical method, named Mirror Model, to consider the restriction
effect of the vertical wall on the entrainment and plume properties.
It assumes basically the existence of an image ﬁre source on the
other side of the wall, which has the same intensity as the original
one. Then, the plume centerline temperature for ﬁre against a wall
can therefore be calculated as that produced by a combined ﬁre
source with twice HRR in open space. In the following part, this
practical method is adopted to deal with the ﬁre ﬂush with
sidewall.
The measured and calculated temperatures are plotted against
HRR in Fig. 4. The calculated plume centerline temperatures and
the measured maximum ceiling gas temperatures are marked as
solid and hollow symbols, respectively. It can be seen that among
all the cases, the calculated temperatures are higher than the mea-
sured ones at the ceiling height above ﬁre source, and the differ-
ence increases with HRR. This mainly resulted from two reasons.
Firstly, a certain amount of heat is dissipated by convection from
the smoke plume to the ceiling and surrounding sidewalls. The
heat loss which relates to the thermal properties of the sidewall,
the gas temperature and the duration time, cause the ceiling gas
temperature decrease to some extent. Secondly, the upward smoke
plume continuously impinges on the ceiling after ignition, the ceil-
ing jet spreads radially outward until it reaches the sidewall and
ultimately, transforms from radially spreading to one-dimensional
horizontally spreading. During this process, substantive eddy scale
structures grow in the plume and a special physical phenomenon,
density jump, occurs, which causes much more fresh air entrained
into the plume compared with it in open space [22,26]. The drastic
air entrainment process in turn will lead to the decrease of ceiling
gas temperature.
As a matter of fact, both the above two aspects are largely
depends on the accumulated hot upper layer beneath the ceiling,
and the smoke layer is responsible for the deviation of the mea-
sured and calculated temperatures in Fig. 4. There are numerous
complex factors related to the accumulated upper layer, such as
the heat conductivity, entrainment coefﬁcient, tunnel geometry,
smoke layer thickness, ﬁre location and dimensions, HRR, etc.
Therefore, it is difﬁcult to directly obtain the predictive formulae
for the maximum ceiling gas temperature.
The concept of virtual heat source is one practical way to adjust
a real ﬁre with certain horizontal and vertical extents to a point0 5 10 15 20 25 30
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Fig. 4. Comparison of experimental data with the plume centerline temperature calc
measured).source originating at a virtual origin for purposes of correlating
properties in the plume region of a ﬁre [27]. In this paper, a mod-
iﬁed virtual origin concept, which attempts to take the integrative
inﬂuence of relevant variables into account, is adopted to synthet-
ically quantify the effects of the upper smoke layer on the maxi-
mum ceiling gas temperature. And the correlation for the
modiﬁed virtual origin will be proposed to determine the maxi-
mum ceiling temperature of buoyancy-driven thermal ﬂow in the
presence of hot upper layer. To be speciﬁc, when ﬁre is out of touch
with sidewall (see Fig. 5(a)), the conﬁned plume immersed in the
hot upper layer is translated into the free plume in the open space
via bringing in a modiﬁed virtual origin, z0. While for ﬁre ﬂush with
sidewall (see Fig. 5(b)), as the ﬁre plume is conﬁned by both the
sidewall ceiling, the HRR and dimensions of ﬁre source are ﬁrst
modiﬁed by Mirror Model, and then the conﬁned plume is trans-
lated it into the free plume by applying the same approach.
Based on the analysis above, it can be concluded that the gov-
erning parameters for the location of virtual origin are the ceiling
height (H), tunnel width (W), ﬂame height (Lf), ﬁre source diameter
(D), HRR ( _Q), horizontal distance between the ﬁre source and the
nearest sidewall (d), air density (qa), ambient temperature (Ta),
thermal capacity of air (cp) and gravitational acceleration (g).
Lonnermark et al. [28] used a wide range of tunnel widths in a
model scale test series and did not see any effects of the tunnel
width on the maximum ceiling temperature. Li et al. [12] also
pointed out that the maximum excess gas temperature beneath
the ceiling is independent of the tunnel width. So the width (W)
of tunnel is not included in the following analysis. Besides, the ceil-
ing height used in this paper is the effective tunnel height, Hef, i.e.
the vertical distance between the bottom of the ﬁre source and the
tunnel ceiling, which is important for the determination of the
maximum ceiling excess temperature [12,29]. A great number of
correlations for predicting the ﬂame height have been presented
in the literature [24,30,31]. Even there is some inconsistency with
different forms of previous correlations, all of which indicate that
the ﬂame height (Lf) is the function of HRR ( _Q) and the diameter
of ﬁre source (D). As shown in Fig. 6, the measured heat release
rates of methyl alcohol pool ﬁres change linearly with the equiva-
lent diameter in double logarithm coordinate system, with the
slope being equal to 2. That is, the relationship between them
can be expressed as a power function and _Q is proportional to 2
power of D. As ﬂame height (Lf) is a function of HRR and D, we
can conclude that among the three parameters Lf, HRR and D,
although all of which have an impact on the location of virtual ori-
gin, HRR is actually the dominant one and, in appropriate form, it
alone can represent the three parameters, regardless of the fuel0 5 10 15 20 25 30
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dimensional analysis, are appropriate for different fuel types.
Consequently, the virtual origin location can be expressed as
z0 ¼ f ðH;W; Lf ;D; _Q ;d;qa; Ta; cp; gÞ ¼ f ðHef ; _Q ; d;qa; cp; Ta; gÞ ð5ÞBased on simple dimensional analysis, this function can be
expressed as
z0
Hef
¼ f
_Q
H7=2ef qag3=2
;
cpTa
Hef g
;
d
Hef
 !
ð6Þ
The ﬁrst and second terms on the right-hand side of Eq. (6) can
be incorporated, and then the above equation can be transformed
into
z0
Hef
¼ f
_Q
qacpTag1=2H
5=2
ef
;
d
Hef
 !
ð7Þ
As tunnel width does not inﬂuence the maximum ceiling gas tem-
perature, a modiﬁed dimensionless heat release rate, _Qmod, can be
deﬁned as a characteristic parameter of relative HRR compared to
the tunnel geometry,
_Qmod ¼
_Q
qacpTag1=2H
5=2
ef
ð8Þ
then,
z0
Hef
¼ f _Qmod; dHef
 
ð9Þ
This means that the dimensionless virtual source height can be
expressed by the modiﬁed dimensionless HRR and the dimension-
less distance from sidewall. The concrete expression of functional
relation will be determined by experimental data in the following
part.
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different experimental conditions as well as the ones calculated by
Heskestad’s correlation (see Eq. (4)). As previously mentioned, the
modiﬁed virtual source heights on account of the inﬂuence of accu-
mulated hot upper layer are determined by regarding the mea-
sured maximum ceiling gas temperature as the plume centerline
one produced by free plume. It can be seen that for ﬁre out of touch
with sidewall, z0 changes slightly with the decrease of distance
between ﬁre and the sidewall and once ﬁre is ﬂush with the side-
wall, z0 changes signiﬁcantly. In addition, all the experimentally
derived virtual source heights are obviously lower than those cal-
culated by Heskestad’s correlation. The deviation between them
represents the magnitude of the restriction effect of ceiling and
sidewalls on the conﬁned plume. The changing behavior of virtual
source location is directly related to the maximum temperature
proﬁle beneath the ceiling. Fig. 8 shows the transverse maximum
ceiling excess gas temperature for different ﬁre locations, taking
the tests with HRR 3.38 kW as example. It can be seen that when
ﬁre is located at the longitudinal centerline (d = 1.0 m), the temper-
ature proﬁle is symmetrical and DTmax is about 60 C. With the
decrease of d, the maximum temperature remains basically
unchanged for a ﬁxed HRR and increases signiﬁcantly when ﬁre
is immediately adjacent to the sidewall. This indicates that in the
accumulated upper smoke layer, the sphere of the smoke recircu-
lation owing to the obstruction by the sidewall is rather limited
for ﬁre away from the sidewall, but it can have a signiﬁcant inﬂu-
ence on the ceiling gas temperature when ﬁre is ﬂush with or very
close to the sidewall, which is overlooked in previous researches.0.0 0.5 1.0 1.5 2.0
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Fig. 8. The transverse maximum ceiling excess gas temperature (HRR = 3.38 kW).The dimensionless virtual source height (z0/Hef) is plotted
against the modiﬁed dimensionless HRR ( _Qmod) in Fig. 9. The top
x-axis represents the corresponding value of HRR. It can be seen
that when ﬁre is out of touch with sidewall, z0/Hef shows indepen-
dent of ﬁre location, the data scattering can be ascribed to the com-
plex process of heat conduction and air entrainment process of
different cases. Therefore, under the experimental conditions, the
change relation between z0/Hef and _Qmod can be reasonably distin-
guished into ﬁre ﬂush with sidewall (d = 0 m) and out of touch
with sidewall (0.2 m < d < 1.0 m). In double logarithmic coordi-
nates, z0/Hef is linear related to _Qmod, the ﬁtted formulae for z0/
Hef are given by
 z0
Hef
¼ 0:81 _Q0:39mod; 0:22 < d=Hef < 1:11 ð10Þ
 z0
Hef
¼ 3:63 _Q0:61mod; d=Hef ¼ 0 ð11Þ
As shown in Fig. 9, for Eq. (10) with d/Hef in the range of 0.22–1.11,
there are small scatter caused by different transverse ﬁre locations,
and the upper and lower limits are outlined by two red dashed
lines.
Therefore, the maximum excess gas temperature beneath the
tunnel ceiling can be obtained by substituting the modiﬁed corre-
lations of virtual source height into the Heskestad’s free plume
model (Eq. (3)). However, it should be pointed out that the above
equations cannot be applied to very large ﬁres with the ﬂame
(including intermittent and continuous ﬂame) impinging on the
tunnel ceiling. In that case, the maximum temperature under ceil-
ing will increase evidently, especially for ﬁres with continuous
ﬂame extending along the ceiling, and Eqs. (10) and (11) become
inadequate. The experimentally measured and predicted tempera-
tures by Eqs. (10) and (11) are plotted in Fig. 10. The error bars for
ﬁre out of touch with sidewall are result of different transverse ﬁre
locations shown in Fig. 9. It can be seen that the proposed formulae
for virtual source heights give good predictions of the maximum
ceiling excess temperatures.3.3. Comparison with experimental data in previous studies
In order to evaluate the correlations proposed in Section 3.2, our
experimental results are compared with the data obtained in three
model-scale tests conducted by Li et al. [12] and Ingason et al. [32]
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et al. (Tunnel A, Tunnel B) are both propane porous bed burner
and those used by Ingason et al. and Hu et al. are kerosene pool ﬁre
and gasoline pool ﬁre, respectively. Li et al. [12] pointed out that
when the dimensionless ventilation velocity is less than 0.19, the
inﬂuence of it on the maximum gas temperature can be neglected.
Then, only the measured maximum ceiling temperatures with the
dimensionless ventilation velocity not bigger than 0.19 (V0 6 0.19)
are cited in this paper. All the ﬁre sources in previous model-scale(a) Tunnel A-1:20
(c) Ingason-1:8
Fig. 11. Cross-sections of model anand full-scale experiments were located at the longitudinal center-
line of tunnel. The cross-sections of model scale and full scale tun-
nels are shown in Fig. 11, the model scale ratios are 1:20, 1:20 and
1:8, respectively.
A comparison of the maximum ceiling temperature is given in
Fig. 12. It can be seen that, for relatively low ceiling gas tempera-
tures, the experimental data correlate well with the values deter-
mined by Eq. (10). While, for higher temperatures, the predicted
values are smaller than the measured ones, and the average devi-
ation is about 50 C. For sake of contrast, the HRRs of the model(b)Tunnel B-1:20 
(d) Hu-full scale
d full scale tunnel [12,30,31].
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as shown in Fig. 13. The overall height of the column indicates the
range of the corresponding full scale ﬁre powers involved in
Fig. 12. Thereinto, the solid column, varying from tunnel to tunnel,
means the ﬁre power range in which the calculated and measured
temperatures correlate well. Considering different tunnel geome-
tries, it can be seen that the ceiling gas temperature depends not
only on the HRR of ﬁre source but also on the tunnel geometry.
Consequently, based on the comparison results presented in
Fig. 12, it is necessary to mention another limitation for the pro-
posed formulae. That is, the modiﬁed dimensionless heat release
rate, _Qmodð _Q=qacpTag1=2H5=2ef ), which expresses the relative size of
ﬁre power compared to the tunnel geometry. As shown in
Fig. 12, the correlation proposed in this paper performs well and
gives good predictions to the maximum ceiling excess tempera-
ture, as long as _Qmod smaller than 0.09 is satisﬁed. When _Qmod is
larger than 0.09, the calculated results are lower than the experi-
mental data of Tunnel A and Tunnel B, in which propane porous
bed burners are used as fuel source. The HRR of porous bed burner
is only dependent on the gas ﬂow rate and is irrelevant to the dom-
inant heat transfer mechanism or burning mode of different types
of pool ﬁres. Actually, when HRR is relatively large compared to the
tunnel geometry, the intermittent ﬂame reaches the tunnel ceiling
before the formation of continuous impingement of ﬂame. It is for
this reason that the ceiling temperature, which is unavoidably
affected by the intermittent ﬂame, shows higher than that pre-
dicted by Eq. (10). In general, the ultimate form of dimensionless
virtual origin height obtained by experimental data is not speciﬁc
to the fuel, and it is not only applicable to alcohols but also to com-
mon hydrocarbon fuels, such as gasoline and kerosene, provided
that _Qmod < 0:09.
For ﬁre located ﬂush with the sidewall, related researches on
the maximum ceiling gas temperature are rarely addressed, and
no previous data can be found for comparison. Then further studies
should be conducted to validate the applicability of Eq. (11) for
determining the maximum ceiling gas temperature of different
tunnel geometries and HRRs.4. Conclusions
Experimental model-scale tests and theoretical analysis were
carried out to investigate the effect of different transverse ﬁre loca-
tions on the maximum smoke temperature beneath tunnel ceiling,for a range of heat release rates and ﬁre locations. Correlations
based on experimental data are put forward, taking the transverse
ﬁre location, heat release rate and tunnel geometry into account.
The major conclusions are summarized as follows.
(1) Results show that the maximum excess temperature ﬁrst
changes small with the decrease of distance between ﬁre
source and the nearest sidewall, while if the distance
decreases to 0, i.e., ﬁre is ﬂush with sidewall, the maximum
ceiling gas temperature will increase signiﬁcantly. The mea-
sured values are also compared with the results calculated
by previous correlations which do not include the ﬁre loca-
tion effect, and the previous correlations are not adequate
for ﬁre close to the sidewall.
(2) A modiﬁed concept of virtual origin is introduced to charac-
terize the restriction effect of ceiling and sidewalls on the
maximum gas temperature beneath tunnel ceiling with dif-
ferent ﬁre locations. Both theoretical analysis and experi-
mental data show that the virtual origin height is a
function of the modiﬁed dimensionless heat release rate
and the dimensionless distance between ﬁre source and
the nearest sidewall. Correlations for the virtual source loca-
tion are proposed for ﬁre away from and ﬂush with sidewall,
respectively. A comparison is made between the experimen-
tally measured and calculated temperatures based on virtual
source location, ending with the conclusion that the pro-
posed formulae perform well and give good predictions to
the maximum ceiling excess temperatures.
(3) Further, a comparison of the measured maximum ceiling gas
temperature for ﬁre out of touch with sidewall with experi-
mental data from previous tests is conducted. Results show
that there is a good agreement when _Qmod, which expresses
the relative size of ﬁre power compared to the tunnel geom-
etry, is smaller than 0.09, otherwise the predicted values will
be lower than the real ones because of the impingement of
intermittent ﬂame on the tunnel ceiling.
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a  b  s  t  r  a  c  t
A  set  of burning  experiments  were  conducted  to investigate  the  inﬂuence  of sidewall  restriction  on the
maximum  ceiling  gas  temperature  of buoyancy-driven  thermal  ﬂow  in a reduced  scale  tunnel  model.
Results  show  that at the beginning  the maximum  temperature  shows  basically  independent  with  the
decreasing  of distance  between  ﬁre  source  and  sidewall,  while  if it continues  to  decrease  to 0 m,  the
maximum  temperature  increases  signiﬁcantly.  Correlation  for  the  maximum  ceiling  gas  temperature
is  proposed,  taking  the heat  release  rate, distance  to  the  nearest  sidewall,  and  effective  ceiling height
into  account.  Additionally,  the  experimental  data  are compared  with  previous  results  from  three  other
model  scale  experiments  to verify  and  improve  the  proposed  formula,  the  previous  results  are  goodeat release rate
eiling jet
all ﬁre
ir entrainment
supplement  to the  existing  data and  helpful  for us  to understanding  the  changing  law  of  the  maximum
ceiling  temperature  in  a  wider  range  of the  modiﬁed  dimensionless  heat  release  rate  Q′. Finally,  the  results
obtained  by the proposed  formula  are  also  compared  with  the  measured  transient  experimental  data  and
correlation  with  good  agreement,  thus,  conﬁrming  the  applicability  of  this  formula  in determining  the
transient  maximum  gas  temperature  beneath  the  ceiling.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
As the constantly accelerating process of urbanization in the
orld, the urban population has risen dramatically along with the
xpansion of cities, and the pressure of urban transportation is
rowing to a large extent. For this reason, many tunnels have been
nd are being built to ease trafﬁc congestion and segregate haz-
rdous goods trafﬁc in urban areas. The number and aggregate
ength of road, rail and subway tunnels in the world are increas-
ng all the time. Apparently, tunnel is already a typical building in
ities.
However, tunnel gives us not only convenience but new
esearch needs of energy balances and thermal ﬂow movement as
ell [1–5]. In urban road tunnels, the heat emitted by heavy traf-
c would easily cause temperatures and concentrations of harmful
as to rise to intolerable levels with ineffective ventilation. Modic
1] calculated the concentrations of some dangerous substances
roduced by combustion engines, such as CO, NO, and so on, at
he end of the tunnel, with the help of a mathematical model.
∗ Corresponding author.
E-mail address: jijie232@ustc.edu.cn (J. Ji).
ttp://dx.doi.org/10.1016/j.enbuild.2014.07.070
378-7788/© 2014 Elsevier B.V. All rights reserved.Kang [2] investigated the characteristic length scale in an ana-
lytical correlation of critical ventilation velocity. A correlation of
critical ventilation velocity was  derived from the Froude number,
using a one-dimensional assumption of uniform mixing. Su et al.
[3] developed a numerical simulating model to predict the thermal
performance of the air–earth-tunnel system. In their computing
model, 1-D transient sub-models were proposed to describe the air
temperature and rock temperature, respectively.
Additionally, in tunnels, ﬁre is a typical example of uncontrolled
release of energy, and many of these ﬁres grew rapidly and caused
tremendous deaths and injuries and severe damage to the tunnel
structures, such as the Viamala Tunnel Fire in 2006, killing 9 peo-
ple [6], the St. Gotthard tunnel ﬁre in 2001, killing 11 people, the
Mont Blanc tunnel ﬁre in 1999, killing 41 people [7] and the Azer-
baijan subway tunnel ﬁre in 1995, killing 558 people [8], etc. Due
to the special narrow and long structure of tunnel, the high tem-
perature smoke and heat are difﬁcult to be discharged timely and
then accumulate beneath the ceiling, which has quite strong risk
to the trapped people and tunnel structure. Once the steel bars in
the concrete are exposed to the hot smoke over a certain period
of time, the strength of them will descend evidently, which even-
tually cause the collapse of tunnel structure. Therefore, in order to
provide adequate ﬁre protection for tunnel structure and properly
14 Z.H. Gao et al. / Energy and Bu
Nomenclature
Tmax maximum excess gas temperature beneath the ceil-
ing
g gravity acceleration
Hef vertical distance between ﬁre source bottom and
tunnel ceiling
d distance between ﬁre source and the nearest side-
wall
Ta ambient temperature
cp speciﬁc heat capacity
b radius of the ﬁre source
D equivalent diameter of ﬁre source
Q heat release rate
Q* dimensionless heat release rate of the ﬁre
Q′ modiﬁed dimensionless heat release rate
V longitudinal wind speed
Lf mean ﬂame height
Greek letters
a density of ambient air
 ˇ coefﬁcient in Eqs. (3), (6) and (8)
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ı coefﬁcient in Eq. (8)
esign the ﬁre detectors, the maximum ceiling gas temperature of
uoyancy-driven thermal ﬂow to which the structure is exposed
eeds to be estimated.
Alpert [9] provided a couple of simple correlation equations for
redicting the maximum excess temperature without any smoke
ccumulation under the ceiling. But considering the special aspect
atio of tunnel construction, a large amount of smoke will accu-
ulate beneath the ceiling and the predicted maximum excess
emperatures are smaller than the experimental values in tunnel
res [10,11]. Kurioka et al. [12] proposed a model to predict the
aximum smoke temperature beneath the tunnel ceiling based on
he experiments in a reduced scale longitudinal ventilated tunnel,
nd Wang [13] justiﬁed the model by experiments in full scale tun-
el. However, as Li et al. [14] pointed out, the equation by Kurioka
annot predict the maximum excess gas temperature beneath the
eiling correctly in the case when the ventilation velocity is very
ow.
Li et al. [14] put forward a more applicable equation to deter-
ine the maximum gas temperature beneath the tunnel ceiling for
mall ﬁres with low and high ventilation ﬂows.
Tmax =
⎧⎪⎪⎨
⎪⎪⎩
Q˙
Vb1/3H5/3ef
, V ′ > 0.19
17.5
Q˙2/3
H5/3ef
, V ′ ≤ 0.19
. (1)
′ = V/
(
gQ˙
bacpTa
)1/3
. (2)
However, in the former studies ﬁre source was always located at
he longitudinal centerline of tunnel [2,12–16], as a matter of fact,
re will occur at any location in accident, with different distances
o the sidewall. The restriction effect of sidewall on nearby ﬁres
ill certainly inﬂuence the plume properties and play an important
art in determining the maximum ceiling temperature, which is not
dequately understood as yet.
Therefore, a set of burning experiments were conducted to
nvestigate the inﬂuence of different transverse ﬁre locations on
he maximum ceiling gas temperature in the vicinity of the ﬁreildings 84 (2014) 13–20
source. Empirical formula to predict the maximum excess temper-
ature beneath the ceiling was developed for small ﬁres with ﬂame
height lower than tunnel ceiling, taking ﬁre location, heat release
rate, and geometry of tunnel into account. Furthermore, we hope
the research on this issue can make up the insufﬁciency in previous
studies and provide the useful theory and adequate ﬁre protection
to the tunnel structure.
2. Experimental apparatus [11]
The experiments were conducted in a reduced scale urban road
tunnel model with scale ratio of 1:6, as shown in Fig. 1. Fig. 1
shows the schematic of the 1/6th physical scale model used in our
experiments, it can be seen that the side near the aisle was  made
up of 6 mm thick ﬁre-resistant glass to observe the experimental
phenomena, the top, bottom and the other side of model were 8 mm
thick ﬁreprooﬁng board.
The experiments described here were made using
square/rectangular burners with methyl alcohol as fuel which
were placed on the ﬂoor with different distances to the sidewall;
nine square/rectangular pools were used with depth of 2 cm,  as
listed in Table 1. The fuel thickness in each experiment was  kept
1 cm before ignition. The HRRs are in the range of 3.38–29.57 kW.
For a full scale equivalent using the scaling laws [11], these HRRs
equate to real tunnel ﬁres ranging from 0.30 to 2.61 MW so as to
simulate early stage (luminous ﬂame lower than the tunnel ceiling)
of the most common car burning ﬁres in urban road tunnels [17].
In cases when rectangular pool ﬁres were adopted, the longer
edge was parallel to the longitudinal centerline of tunnel while
the shorter edge being vertical to it. Mizuno and Kawagoe [18]
have compared the mass burning rate of upholstered chairs, wood
cribs and urethane foam in three different burning locations, at
the center of a room, alongside a wall and in the corner of walls.
The experimental results show that the mass burning rate of the
three kinds of combustibles can be assumed to be the same value
independent of burning location. Additionally, Yi et al. [19] have
pointed out that with adequate air makeup, combustion of methyl
alcohol in the tunnel is similar to that in free space. Therefore,
as the oxygen required for methyl alcohol burning completely is
relatively small, it is reasonable to assume that the mass burning
rate of methyl alcohol pool ﬁre are independent of ﬁre location
and the heat release rate (HRR) in the free space is adopted instead.
Complete combustion was  assumed in the estimation of HRR
[20].
Measurements were made mainly on ﬂame height and the max-
imum excess gas temperature beneath the ceiling with different
ﬁre locations. Flame heights were monitored from the front view
by a digital camera (DV) located at one end of the tunnel with
a frequency of 25 frames/s. The ﬂame heights for all the tests
could be obtained by image processing. Considering the ﬂuctua-
tion, the mean ﬂame height is determined based on the deﬁnition
put forward by Zukoski et al. [21], as the height at which the inter-
mittency is 0.5, i.e., the height above which ﬂame appears half the
time.
Temperatures were measured with K-type thermocouples of
1 mm diameter, the maximum temperatures are the average of
the values recorded 15 mm (±1 mm)  beneath ceiling during the
stable stage of combustion, the distance between thermocouples
and tunnel ceiling for maximum temperature has been determined
in preliminary experiments [11]. One set of thermocouples was
mounted transversely under the ceiling, 2 m away from the left
opening of the tunnel. The distances between the ﬁre source and
the sidewall were 1, 0.75, 0.5, 0.4, 0.3, 0.2 and 0 m respectively,
which means the distance between the pool center and the nearest
sidewall (the left sidewall actually), except the ﬁres immediately
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Fig. 1. Schematic of experimental apparatus.
Table 1
Heat release rates [11].
Heat of combustion (kJ/g) Pool no. Pool size (cm × cm)  Mass burning rate (g/(s cm2)) HRR (kW)
19.93
1 10 × 10 0.0017 3.38
2  15 × 10 0.00165 4.93
3  15 × 15 0.00155 6.95
4  20 × 15 0.00158 9.44
5  20 × 20 0.00158 12.56
6  25 × 20 0.00165 16.45
7  25 × 25 0.00162 20.21
a
m
l
c
t
c
f
T
P8  30 × 25 
9  30 × 30 
djacent to the sidewall. The accurate positions of transversely
ounted thermocouples are shown in Table 2, where the bold
etters with underline represent the location directly above the ﬁre
enter. For simplicity, 1010 denotes the pool of 10 cm × 10 cm in
he following parts and the other pools have the same style. Each
ase was repeated once. A detailed description of the facility can be
ound in [11].
able 2
ositions of the thermocouples under the ceiling [11].
Distance between the ﬁre and the sidewall (cm) Distance between the thermocoup
100 0 10 20 40 60 
75  0 10 20 40 60 
50  0 7.5 10 20 40 
40  0 10 20 30 40 
30  0 20 30 40 60 
20  0 10 20 30 40 
0  (1010, 1510) 0 5 7.5 10 20 
0  (1515, 2015) 0 5 7.5 10 20 
0  (2020, 2520) 0 5 7.5 10 20 
0  (2525, 3025) 0 7.5 10 12.5 20 
0  (3030) 0 7.5 10 15 20 0.00159 23.80
0.00165 29.57
3. Results and discussion
3.1. Maximum excess gas temperature beneath the ceilingFig. 2 shows the maximum excess gas temperature beneath the
ceiling with different distances between ﬁre source and the nearest
sidewall. The maximum ceiling excess temperatures are deter-
le and the left sidewall (cm)
65 80 90 100 120 140 160 180 200
65 75 80 100 120 140 160 180 200
50 60 80 100 120 140 160 180 200
60 80 100 120 140 160 180 200 –
80 100 120 140 160 180 200 – –
60 80 100 120 140 160 180 200 –
40 60 80 100 120 140 160 180 200
40 60 80 100 120 140 160 180 200
40 60 80 100 120 140 160 180 200
40 60 80 100 120 140 160 180 200
40 60 80 100 120 140 160 180 200
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Fig. 3. Normalized ﬂame height vs. dimensionless energy release rate.
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Fig. 4 also indicates two limitations, i.e., ﬁre at the longitudinalFig. 2. The maximum excess gas temperature under the ceiling.
ined by averaging the values within the steady stage of 350–450 s.
or a certain heat release rate, when the distance between ﬁre and
idewall decreases from 1 m to 0.2 m,  Tmax changes small. While
s the distance decreases to 0 m (i.e. ﬁre is ﬂush with sidewall),
Tmax increases signiﬁcantly.
It is clearly that this increasing tendency of Tmax with the
hanging of ﬁre location is because of the restriction of tunnel
idewall, which mainly produces two effects. First, for ﬁre close
o the sidewall, the radially outward ceiling jet ﬂows is deﬂected
t it, part of the plume ﬂows back to the direction of ﬁre source,
toring up a certain amount of smoke beneath the ceiling, which
hen increases the ceiling gas temperature. Especially when ﬁre
s immediately adjacent to the sidewall, the sidewall effect on the
moke spreading becomes much greater with more hot smoke ﬂow
ack, leading to the gas temperature increase signiﬁcantly. Second,
ith the decreasing of the distance from sidewall, the existence
f sidewall restrains the air entrainment of the ﬁre plume and the
ombustible gas must travel vertically a longer distance to become
ully combusted [20]. That is to say, the ﬂame height is higher for
re ﬂush with sidewall, which will certainly increase the ceiling gas
emperature.
.2. Formulae for maximum excess temperature
Based on the preceded analysis, it is obvious that the maxi-
um  excess gas temperature beneath the tunnel ceiling has a great
onnection with the relative height of ﬂame compared to the effec-
ive ceiling height, Hef, and the horizontal distance between ﬁre
ource and the nearest sidewall, d. The effective ceiling height, in
his paper, is the vertical distance between ﬁre source bottom and
unnel ceiling.
The mean ﬂame height normalized by equivalent diameter,
f/D, is plotted against the dimensionless energy release rate, Q*,
n Fig. 3. For a rectangular ﬁre source, D is an equivalent diam-
ter based on equivalent area of ﬁre source. It can be seen that
or ﬁre located at the longitudinal centerline of tunnel, Lf is low-
st. With decreasing of d, Lf increases to some extent and shows
o obvious variety regulation until ﬁre ﬂush with sidewall. In the
ase with ﬁre ﬂush with sidewall, Lf is signiﬁcantly larger than
hose in all other cases, which coincide with the above analy-
is, since less air is entrained and the fuel must travel a longer
istance to become fully combusted. In double logarithmic coor-
inates, Lf/D is linear related to Q*, taking the distance betweenFig. 4. The maximum excess temperature beneath the ceiling vs. normalized effec-
tive  ceiling height.
ﬁre source and sidewall into account, the ﬁtted formula is given
by:
Lf
D
= ˇQ ∗2/5. (3)
Q ∗ = Q
acpTag1/2D5/2
. (4)
where Q, Ta, a, cp, g and  ˇ are the heat release rate, the ambi-
ent air temperature, the ambient air density, speciﬁc heat capacity,
gravity acceleration and ﬂame height constant associated with
distance between ﬁre source and the nearest sidewall, respec-
tively. In addition, the relationship of the dimensionless ﬂame
height proportional to 2/5 power of Q* in Eq. (3) is consistent
with that in the widely used correlation proposed by Heskestad
[22].
Similar to Fig. 3, the relationship between the maximum excess
temperature and the normalized effective ceiling height shown incenterline of tunnel and ﬂush with sidewall. For ﬁre at a location
between them, Tmax spreads out between the two limitations and
changes slightly with location. As shown in Fig. 4, Tmax decreases
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Fig. 6. Measured and calculated maximum excess gas temperature beneath the
ceiling.
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         Eq. (1)ig. 5. The maximum excess temperature beneath the ceiling vs. modiﬁed dimen-
ionless heat release rate.
inearly with the increase of Hef/Lf in double logarithmic coordi-
ates, the ﬁtted formula is given by:
Tmax = ˛
(
Hef
Lf
)−5/4
. (5)
here  ˛ is a maximum temperature constant associated with ﬁre
ocation.
Substituting the normalized ﬂame height into Eq. (5), the rela-
ionship among maximum excess gas temperature, dimensionless
eat release rate and the effective ceiling height can be yielded for
res with different distances from sidewall:
Tmax =  ˛ · ˇ5/4Q ∗1/2
(
D
Hef
)5/4
(6)
Deﬁning a modiﬁed dimensionless heat release rate, Q′, which
s a characteristic parameter of relative heat release rate compared
o tunnel geometry,
′ = Q
acpTa
√
gH5/2ef
. (7)
hen, Eq. (6) can be simpliﬁed as:
Tmax = ∂ · ˇ5/4
(
Q
acpTa
√
gH5/2ef
)1/2
= ıQ ′1/2. (8)
here ı is an integrated constant and can be obtained by experi-
ental data, and the change relation of Tmax and Q′ is plotted in
ig. 5.
As shown in Fig. 5, Tmax increases linearly with Q′ in dou-
le logarithmic coordinates, where Q′ is proportional to HRR and
nversely proportional to the effective ceiling height. The temper-
ture data indicate two limitations, depending on the location of
re source. Under a certain HRR, for ﬁre out of touch with side-
all, Tmax is almost independent of ﬁre location, whereas for
re ﬂush with sidewall, as the restriction effect enhances a lot, the
aximum excess temperature beneath the ceiling increases signif-
cantly. Therefore, correlations for the maximum ceiling excess gas
emperature in the vicinity of the ﬁre source are proposed for weak
nd strong restriction degree,Tmax =
{
1000Q ′1/2, 0.22 < d/Hef < 1.11&Q ′ < 0.04
1318Q ′1/2, d/Hef = 0
.  (9)ef
Fig. 7. Comparison of experimental data with the equation proposed by Li et al. [14].
The limitation concerning ventilation of the above equations is
the dimensionless velocity, V′ (see Eq. (2)), should not be bigger
than 0.19, under this condition the maximum ceiling temperature is
independent of the ventilation velocity [14]. In addition, the above
equations are not able to apply to very large ﬁres with the ﬂame
impinging on the tunnel ceiling. In that case, the maximum temper-
ature beneath the ceiling will increase signiﬁcantly, and especially
for the ﬁres with the continuous ﬂame extending along the ceil-
ing, the maximum temperature should be the ﬂame temperature.
A comparison for the experimentally measured and predicted tem-
peratures by Eq. (9) is plotted in Fig. 6. As shown in the ﬁgure, the
proposed formula performs well and gives good predictions to the
maximum ceiling excess temperatures, especially for small ﬁres
with HRR not bigger than 16.45 kW.
3.3. Comparison with previous studies
Li et al. [14] proposed Eq. (1) to predict the maximum excess
gas temperature and pointed out that the dimensionless ventila-
tion velocity less than 0.19 is relatively small and the inﬂuence of it
on the maximum gas temperature can be neglected. Fig. 7 presents
the comparison of experimental data with the results calculated
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y Eq. (1). As shown in Fig. 7, the maximum excess gas tempera-
ure predicted by Eq. (1) is slightly lower than the measured value
or ﬁres located at the longitudinal centerline of tunnel. Whereas
ith the decrease of distance from the sidewall to the ﬁre source,
he restriction effect of sidewall is strengthened gradually, leading
o the deviation between them gets bigger and bigger. Compar-
ng Figs. 6 and 7 shows that in the cases with different transverse
re locations to the sidewall, Eq. (9) can correlate better with the
xperimental data than Eq. (1). The reason is that Eq. (1) fails to
onsider the restriction effect of tunnel sidewall, and when ﬁre is
lose to the sidewall, the maximum ceiling excess gas temperature
annot be predicted correctly by it, especially for ﬁres ﬂush with
idewall.
Based on the analysis above, it can be seen that in our exper-
mental conditions, Tmax is almost independent of ﬁre location
hen ﬁre is out of touch with sidewall. However, the maximum
eiling temperature, or the restriction degree of sidewall is not
nly related with ﬁre location but also with the value of energy
elease rate relative to tunnel geometry. Considering the extreme
ondition, for ﬁre with a certain distance from sidewall, if the HRR
ncreases to large enough, the restriction effect of sidewall will get
nevitably stronger and stronger, then whether the proposed equa-
ion for different ﬁre locations still holds or not is worth of further
eriﬁcation. In addition, as Eq. (9) is not applied to ﬁres with ﬂamesame by frame under HRR 29.57 kW.
impinging on the tunnel ceiling, thus, the maximum HRR should
be the one with the maximum ﬂame height just lower than tunnel
ceiling.
When ﬁre is placed ﬂush with sidewall, under HRR 29.57 kW
(the maximum HRR in the experiments), the maximum ﬂame
height is very close to but smaller than the ceiling height, as shown
in Fig. 8. Based on the change tendency of ﬂame height (see Fig. 3),
the ﬂame height decreases with the increasing of distance between
ﬁre and sidewall, then the heat release rates selected in our exper-
iments can ensure the turbulent diffusion ﬂame lower than tunnel
ceiling. To estimate the validity of Eq. (9) more comprehensively,
we compare the experimental data with three other model scale
tests carried out by Ingason et al. [23] and Li et al. [14] respectively,
with relatively larger HRR compared to the tunnel geometry. Only
the measured values of maximum ceiling temperature with the
dimensionless ventilation velocity not bigger than 0.19 (V′ ≤ 0.19)
are cited in the following part.
Ingason [23] conducted a set of model-scale tests in a rectangu-
lar tunnel with height of 1.0 m,  width of 2.0 m and length of 20 m.
The ﬁre sources were kerosene pools, located at the longitudinal
centerline, 2.5 m from one end of the tunnel. Two different pan
sizes were used. Li’s experimental tests [14] were carried out in two
model-scale tunnels with different cross-sections, named Tunnel A
and Tunnel B. Both of the ﬁre sources in Tunnel A and Tunnel B were
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sidewall are plotted against time in Fig. 10.
It is shown in Fig. 10(a) that for ﬁre at the longitudinal centerlineFig. 9. Comparison with other three model scale tests.
ocated at the longitudinal centerline, with a 100 mm and 150 mm
iameter porous bed burner, respectively. Propane was  used as the
uel.
Fig. 9 shows the comparison of the experimental data with other
hree model scale tests. It can be seen that the experimental results
y Ingason and Li are basically spread out between the values pre-
icted by Eq. (9), corresponding to the cases with the weakest and
trongest restriction effect of sidewall, respectively. It can be seen
hat the model scale experimental results, with larger heat release
ate compared to the tunnel geometry, are good supplement to the
xisting data and helpful for us to understanding the change law
f Tmax in a wider range of Q′. It has to be pointed out that both
n Ingason’s and Li’s tests, ﬁres were located at the longitudinal
enterline of tunnel.
When Q′ is smaller than 0.04, the previous data are close to the
redicted values by Eq. (9) for ﬁres out of touch with sidewall and
he inaccuracy may  be ascribed to the system error of different
educed scale tunnel models. With the increasing of Q′ in the range
f 0.04–0.1, ﬂame is higher compared to the tunnel ceiling and rel-
tively more smoke plume accumulates beneath the ceiling. In this
ase, for a certain location of ﬁre source, the restriction effect of
idewall is gradually increasing and the experimental data are dis-
rete. As Q′ increases to 0.1, the restriction effect enhances a lot
nd the previous experimental data get ﬁt with Eq. (9) for ﬁres
ush with sidewall, even though ﬁres are at the longitudinal cen-
erline of tunnel. Therefore, it can be concluded that for ﬁres located
t the longitudinal centerline of tunnel, corresponding to the sit-
ation with the weakest restriction degree under a certain tunnel
eometry, the changing relationship between Tmax and Q′ can
e roughly divided into three regions, Q′ < 0.04, 0.04 ≤ Q′ < 0.1 and
′ ≥ 0.1. The three regions correspond to the weak, medium and
trong restriction degree of tunnel sidewall.
Up to this point, it is possible to comprehensively evaluate the
easibility and validity of the formula proposed in this paper for
redicting the maximum ceiling excess gas temperature in tunnel.
or ﬁres ﬂush with the sidewall, Eq. (9) is applicable to tunnel ﬁres
ith ﬂame not impinging on the ceiling. While for ﬁres out of touch
ith sidewall, the maximum temperature and the restriction effect
f sidewall are related with the normalized distance from sidewall
d/Hef) and the modiﬁed dimensionless heat release rate (Q′). When
′ is smaller than 0.04, Eq. (9) for ﬁres out of touch with sidewall
s applicable to ﬁre with d/Hef in the range of 0.22–1.11. However,
hen Q′ is larger than 0.04, owing to the gradual enhancementFig. 10. Calculated and measured transient maximum excess gas temperature
beneath the tunnel ceiling (ﬁre source with peak HRR of 29.57 kW).
of restriction degree, Eq. (9) collapses for ﬁres out of touch with
sidewall. It is important to keep these limitations in mind.
3.4. Comparison with transient experimental data
The formula proposed for the maximum ceiling temperature in
view of ﬁres with different transverse locations is obtained based on
the experimental data in a quasi-steady state. Nevertheless, for the
entire process of tunnel ﬁre, the transient maximum gas tempera-
ture beneath the ceiling is another important issue but was rarely
addressed in previous researches. To investigate the accuracy of
Eq. (9) for predicting the transient maximum ceiling gas temper-
ature, the calculated values are compared with the transient data
measured in the experiments. As shown in Fig. 5, for ﬁre out of
touch with sidewall, Tmax is almost independent of ﬁre location.
Therefore, taking the ﬁre source with peak HRR of 29.57 kW as an
example, the maximum ceiling excess gas temperature in the cases
with ﬁre at the longitudinal centerline of tunnel and ﬂush with theof tunnel, the calculated values ﬁt the measured values well during
the steady stage and the decay period, while the agreement at the
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arly stage of ﬁre is relatively poor. While for ﬁre ﬂush with side-
all (see Fig. 10(b)), the calculated values are slightly larger than
he measured ones. At the early stage of ﬁre (0–250 s), the devia-
ion between the calculated and the measured values is relatively
arge, about 30–50 ◦C. As the burning process gradually grows to
he steady stage, the calculated Tmax increases with the deviation
iminishing to less than 20 ◦C. In the decay period, the deviation
hows an increasing tendency again.
When ﬁre is ﬂush with sidewall, the relatively larger deviation
t the early stage and decay stage is resulted from the development
f upper smoke layer. As previously stated, the proposed formulae
re obtained based on the experimental data in a quasi-steady state,
nder which ﬁre develops to the fullest extent and the hot smoke
ayer is at its thickest. Motevalli and Ricciuti [24] conducted exper-
ments and concluded that the development of an upper layer in an
nclosure ﬁre will increase the temperature in the ceiling jet and
he heat transfer to the ceiling. While at the early stage and decay
tage of ﬁre, the upper smoke layer is much thinner and the inﬂu-
nce of it is less noticeable, resulting in overestimated calculated
alues and larger deviation between the calculated and measured
alues.
In summary, under the applicable condition of Eq. (9), the for-
ula could predict the transient ceiling maximum gas temperature
t the steady state in a tunnel ﬁre with engineering accuracy.
. Conclusions
This work provides experimental data to characterize the effect
f different transverse ﬁre locations on the maximum smoke tem-
erature beneath tunnel ceiling, for a range of ﬁre sizes and ﬁre
ocations. Analysis of experimental results has provided the fol-
owing conclusions.
The experimental data show that the maximum excess gas tem-
erature beneath the ceiling indicated two limitations, depending
n the dimensionless distance between ﬁre source and the nearest
idewall. In our experimental conditions, when the dimensionless
istance from sidewall is in the range of 0.22–1.11, the maximum
eiling gas temperature is basically independent of ﬁre location
nd varies as the 1/2 power of Q′. Q′ is a modiﬁed dimensionless
nergy release rate which takes the heat release rate and effec-
ive ceiling height into account. When the dimensionless distance
rom sidewall is 0, i.e., ﬁre ﬂush with sidewall, the maximum excess
emperature increases signiﬁcantly and is also proportional to the
/2 power of Q′, with a faster growth rate. Therefore, empirical
quation is put forward to predict the maximum gas temperature
eneath the ceiling based on the experimental data. However, it
hould be pointed out that the proposed equation is not appli-
able to very large ﬁres, in such cases the ﬂame impinges on
he tunnel ceiling and the maximum temperature beneath it will
hen increase signiﬁcantly, causing the proposed equation col-
apse.
In addition, the experimental data are compared with data
rom three other model scale tests carried out before to verify and
mprove the proposed formula, the previous results are good sup-
lement to the existing data and helpful for us to understanding the
hange law of the maximum ceiling temperature in a wider range of
′. In order to investigate the applicability of the proposed formula
or predicting the transient maximum gas temperature beneath the
eiling, the calculated values are also compared with the transient
ata measured in the experiments and the two results show good
greement. This means that the maximum excess gas temperature
eneath the ceiling in a tunnel ﬁre can be estimated well if the heat
elease rate, the speciﬁc geometries of tunnel and the ﬁre source
ocation are known.
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This paper presents an experimental investigation on the ﬂame shape and length under the ceiling of a
channel, and altogether 48 experiments with four experimental setups were performed. The experimental
setups include ﬁres in the open space, ﬂush with a wall without ceiling, at the longitudinal centerline of
a channel and ﬂush with the sidewall of a channel. Results showed that the ﬂame extending under the ceil-
ing presented a circular shape when the ﬁre is located at the longitudinal centerline of channel, whereas for
ﬁre placed ﬂush with sidewall, it is a half ellipse. As heat release rate (HRR) increases, the long axes of the
ellipse changes from perpendicular to the sidewall plane to parallel to it, resulting from the competition
between air entrainment enhancement of generated vortices and air entrainment restriction of the corner
structure above ﬁre source. Additionally, the total ﬂame extension as a lump of the vertical ﬂame height
and horizontal ﬂame length is quantiﬁed using dimensional analysis. The total ﬂame extensions for ﬁre
at the longitudinal centerline are proportional to 2/5 power of dimensionless heat release rate _QH , while
for ﬁre ﬂush with sidewall, the total ﬂame extensions in longitudinal and transverse directions are propor-
tional to 1/2 and 2/5 power of _QH , respectively. The critical (transient) dimensionless heat release rate can
be calculated as 0.60, under which the longitudinal and transverse ﬂame lengths are identical.
 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
Keywords: Flame length; Flame shape; Channel ﬁre; Sidewall; Ceiling jet1. Introduction
When a rising ﬂame impinges on a ceiling, it
will be deﬂected and spread out along the ceiling
radially. During this process, the relatively small
cone-shaped vertical ﬂame will be re-shaped into
a disk of horizontal ﬂame, which dramatically
increases the heat ﬂux in the ﬂame region and
enhances the risk of ﬁre propagation [1–4].http://dx.doi.org/10.1016/j.proci.2014.06.078
1540-7489/ 2014 The Combustion Institute. Published by El
⇑ Corresponding author. Fax: +86 551 3606430.
E-mail address: jijie232@ustc.edu.cn (J. Ji).However, compared to the numerous studies on
free axisymmetric vertical ﬂames, the knowledge
of horizontal ﬂame extension under the ceiling is
quite insuﬃcient.
You and Faeth [1] calculated the ﬂame length
under a ceiling in terms of the free ﬂame height
without the ceiling and put forward a predicting
formula to address the ﬂame extension under a
ceiling. Babrauskas [2] developed procedures for
approximate calculation of ﬂame lengths when
part of the ﬂame extended along the ceiling.
Hinkley et al. [3] conducted an experimental
investigation on ﬂames spreading beneath bothsevier Inc. All rights reserved.
2658 Z. Gao et al. / Proceedings of the Combustion Institute 35 (2015) 2657–2664combustible and non-combustible ceilings. They
indicated that a combustible ceiling lining results
in longer ﬂames than a non-combustible one with
similar thermal properties. Ding and Quintiere [4]
presented a simple integral model for horizontal
ﬂame lengths under a ceiling and attempted to
obtain approximate solutions to predict the ﬂame
length. However, in these former studies, ﬁre
sources were always placed in unconﬁned environ-
ments with approximately symmetrical horizontal
ﬂame extensions under ceilings. Asymmetrical
ﬂame extensions generated by the ﬁre source con-
ﬁned in a long, narrow structure have rarely been
addressed.
Therefore, four series of burning experiments,
with ﬁre sources located in unconﬁned and con-
ﬁned environment, were conducted to analyze
the detailed ﬂame shape under the ceiling of a
channel. Simpliﬁed correlations are proposed to
quantify the magnitude of ﬂame extension in lon-
gitudinal and transverse directions, which will be
conducive to determine the radiation heat transfer
to surrounding objects and estimate the risk of ﬁre
propagation.2. Experimental details
The four series of experiments with diﬀerent
setups were ﬁre in the open space (series A), ﬂush
with a vertical wall without ceiling (series B), at
the longitudinal centerline of channel (series C)
and against the channel sidewall (series D). In ser-
ies A and B, the ﬁres were placed 0.35 m above the
ﬂoor. In series C, the ﬁre was placed on the ﬂoor.
In series D, the heights of ﬁre were chosen as 0 m,
0.17 m and 0.35 m above the ﬂoor to account for
the situations with the top part of vehicles or
goods on ﬁre in the channel-like structure. The
schematic diagram of the experimental apparatus
is shown in Fig. 1.Fig. 1. Geometrical arrangemThe model scale channel was 6 m long, 2 m
wide and 0.88 m high with scale ratio of 1:6.
20 mm thick ﬁreprooﬁng boards were used to
make the top, bottom and one side walls of the
channel, the other side was made up of 10 mm
thick ﬁre-resistant glass to provide the experimen-
tal observation.
A 0.15 m square porous gas burner was used
with propane as fuel. The fuel supply rate and
the heat release rate were controlled by a ﬂow
meter. The heat of combustion of propane was
46.45 kJ/g [5] and complete combustion was
assumed in the estimation of HRR. In each series
of experiments, 8 diﬀerent ﬁre powers were used
with HRR of 15.94, 26.57, 39.85, 53.13, 66.42,
79.71, 92.99 and 106.28 kW. Each case was
repeated three times to assure its reliability and
repeatability.
Flame behaviors were monitored from the
front view and side view by two digital cameras
(DV) with a frequency of 25 frames per second.
In series C and D, one camera was located at
the left end of the channel to record the transverse
ﬂame development and the other camera was
pointed to the ﬁre-resistant glass to record the lon-
gitudinal ﬂame development. The vertical and hor-
izontal ﬂame extensions were determined by image
processing method developed by Yan et al. [6]. The
basic idea of this method is to transform the RGB
images from the video to pseudo-gray ones, which
has been proved with better performance in ﬂame
image recognition in conﬁnement spaces. Besides,
in this research, the average ﬂame height/length is
determined as the height/length at which the inter-
mittency is 0.5, i.e., the height/length exceeding
which ﬂame appears half the time [7]. Error analy-
sis and hypothesis testing have been conducted at
the 0.05 level of signiﬁcance, and the standard
deviation/averaged value for ﬂame extension is
smaller than 5%, which conﬁrms the accuracy of
the data.ent of the experiments.
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3.1. Detailed ﬂame structure under diﬀerent
conditions
Figure. 2 shows the detailed ﬂame structure
at the steady burning stage. For ﬁre placed in
the open space (Fig. 2a), the ﬂame is basically(a) In the
(b) Flush with a wal
(c) At the longitudinal ce
(d) Flush with the channe
(e) Flush with the channel side
(f) Flush with the channel sidew
Fig. 2. Flame development with insymmetrical and cone-shaped, an axis of symme-
try can be assumed to exist along the vertical
centerline of the ﬂame. While for ﬁre against a
wall without ceiling (Fig. 2b), the unbalanced
entrainment will induce a resultant inertia force
towards the wall, which causes the ﬂame attach-
ment on the wall and being higher than that in
the open. open 
l without ceiling
nterline of a channel
l sidewall on the floor
wall 0.17 m above the floor
all 0.35 m above the floor
creasing HRR (front view).
2660 Z. Gao et al. / Proceedings of the Combustion Institute 35 (2015) 2657–2664As shown in Fig. 2c-e, when ﬁre occurs in a
channel, ﬂame is lower than the ceiling for small
ﬁre. With the increasing of HRR, the ﬂame
impinges on the ceiling and spreads out radially.
It can be seen that for ﬁre against the sidewall
(Fig. 2d), the horizontal extension of the ﬂame
under the ceiling is longer than that with ﬁre at
the longitudinal centerline. Besides, with increas-
ing ﬁre height from 0 m to 0.35 m, the horizontal
ﬂame extension continues to grow longer. The
reason is that as ﬁre gets closer to the ceiling,
the air entrainment process is reduced to a larger
amount and the unburned fuel must travel a
longer distance to be fully combusted.
Figure. 3 shows the average longitudinal and
transverse ﬂame lengths under the ceiling. The
terms ‘longitudinal ﬂame length (rl)’ and ‘trans-
verse ﬂame length (rt)’ are used to denote the
lengths of ﬂame in the longitudinal and transverse
directions, respectively. It should be pointed out
that for ﬁre at the longitudinal centerline of chan-
nel, ﬂame length refers to the horizontal length
from the center point above ﬁre source to the
ﬂame tips, while for ﬁre located against the side-
wall, ﬂame length refers to the horizontal length0 20 40 60 80 100 120
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Fig. 3. Horizontal extension of tfrom the center point of the intersecting line of
ceiling and sidewall above ﬁre source to the ﬂame
tips.
As shown in Fig. 3, rl and rt are approximately
identical for ﬁre at the longitudinal centerline,
which indicates that under the experimental con-
ditions rt is basically not inﬂuenced by the sidewall
and a circular ﬂame establishes under the ceiling.
However, when ﬁre is placed ﬂush with sidewall,
for all the three ﬁre heights rt is longer than rl
for relatively small ﬁre, and with the increase of
HRR rl becomes longer than rt ultimately. Fig-
ure 4 shows the side view of detailed ﬂame struc-
ture at the left end of channel (taking the ﬁre ﬂush
with sidewall 0.17 m above ﬂoor as an example),
which is helpful for interpreting the changing
trend in Fig. 3 from the view of air entrainment
process.
Figure. 4 presents a typical development of
longitudinal ﬂame length for ﬁre ﬂush with side-
wall. It can be seen that compared to the trans-
verse ﬂame extension, the longitudinal one is
conﬁned by the corner intersecting of ceiling and
sidewall, and the fresh air is more diﬃcult to be
entrained into the ﬂame. Thus, it is easy to under-0 20 40 60 80 100 120
0
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80
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Fig. 4. Flame images every other frame at the steady burning stage for wall ﬁre 0.17 m above ﬂoor under HRR
106.28 kW.
Fig. 5. The shape of ﬂame extension under the ceiling
(top view).
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longitudinal ﬂame have to travel a longer distance
to become fully combusted.
However, as shown in Fig. 4, the rising column
of ﬂame is obstructed by the ceiling and then side-
wall from forming the longitudinal ﬂame. The
ﬂame extends longitudinally with vortices
(marked by white circle in Fig. 4) generated right
below the corner with their rotation direction
downwards near the sidewall, which phenomenon
is also reported by Hinkley et al. [3]. The ﬂame
ﬂows downwardly whereas the buoyancy force is
upward, resulting in negative buoyancy [8]. With
the action of vertically upward buoyancy force,
the downward ﬂame ultimately reaches a stagna-
tion point and then ﬂows reversely. During this
process, vortices were formed below the corner
and more fresh air will be entrained into the ﬂame
compared to the transverse ﬂame extension with-
out aid of vortices. Therefore, it can be held that
the conﬁnement eﬀect of the corner will lead to
two entirely diﬀerent inﬂuences on the extension
of longitudinal ﬂame. Speciﬁcally, when HRR is
small, comparing to the transverse ﬂame exten-
sion, the special vortices induced by the corner
will bring about more fresh air to the unburned
fuel, which causes shorter rl than rt. On the other
hand, if HRR is large enough that the fresh air
brought by vortices is insuﬃcient, the suppression
of air entrainment process due to the special cor-
ner structure will play a predominant role, which
leads to longer rl than rt.
In summary, it can be concluded that for ﬁre
located at the longitudinal centerline of channel,
the ﬂame shape formed under the ceiling is basi-
cally a circular, whereas for ﬁre located ﬂush with
sidewall, the ﬂame shape is a half ellipse. When
HRR is small the longer axis of the ellipse is per-
pendicular to the sidewall, while if the HRR is
large enough the longer axis of the ellipse will be
parallel to the sidewall (see Fig. 5).
3.2. Simple correlations for total ﬂame lengths
A great number of correlations for ﬂame
heights have been presented in the literature [9],even there is some inconsistency with diﬀerent
forms of them. Analysis of the geometry of ﬂames
in the open and conﬁned spaces with the interfer-
ence of vertical walls has established the depen-
dence of dimensionless ﬂame height (Lf/D) on a
dimensionless HRR denoted as _Q [9].The expres-
sion of _Q is given by
_Q ¼ _Q=qacpT a
ﬃﬃﬃ
g
p
D2=5 ð1Þ
where Lf is the ﬂame height, qa is the density of
ambient air, Ta is the temperature of ambient
air, cp is the speciﬁc heat of ambient air, g is the
gravity acceleration and D is the equivalent source
diameter.
Figure. 6 shows the relationship between Lf/D
and _Q for ﬁre in the open space and ﬂush with a
wall without ceiling. It can be seen that similar
with the previous researches, the dimensionless
ﬂame height is indeed a function of _Q and the
correlations can be obtained by linear ﬁtting of
the experimental results,
Lf
D
¼ 3:0
_Q2=5 in the open
3:2 _Q1=2 wall fire without ceiling
(
ð2Þ
Fig. 6. Dimensionless ﬂame height correlations as a
function of _Q: (a) In the open; (b) Flush with a wall
without ceiling.
2662 Z. Gao et al. / Proceedings of the Combustion Institute 35 (2015) 2657–2664The cases with ﬂames lower than channel ceil-
ing are also plotted in Fig. 6. It can be seen that
the vertical ﬂame heights of ﬁre in the channel
ﬁt well with Eq. (2) without the interference of
ceiling, which indicates that the above ceiling
has almost no inﬂuence on ﬂame height if the
ﬂame is lower than ceiling. Moreover, Eq. (2) is
compared to the literature data and correlations
[7,9–11]. As shown in Fig. 6, for _Q larger than
1 (under our experimental conditions _Q ranges
from 1.2 to 8.2), Eq. (2) correlates well with the
data of our experiments as well as the previous
data and correlations in the literature. Zukoski
et al. [7] indicated that there are two distinct
regions where ﬂame height scales diﬀerently,
which are _Q>1 and _Q<1. The relatively larger
deviation for _Q<1 between Eq. (2) and literature
results is caused by the diﬀerent changing relation-
ship between ﬂame height and HRR. Therefore, it
is necessary to add a limitation of Eq. (2) with
_Q > 1.
In the following part, the cases with ﬂames
extending under the ceiling will be analyzed to
quantify the magnitude of total ﬂame extension
(i.e., the combined vertical and horizontal exten-
sions of ﬂame). Because of the random ﬂuctua-
tions of ﬂame extending under the ceiling, the
ﬂame length is inﬂuenced and restricted by manyfactors, and it is diﬃcult to determine the correla-
tions for ﬂame length based on the fundamental
equations. Therefore, in this paper, a dimensional
analysis is conducted to evaluate the eﬀects of var-
ious factors on the ﬂame extension and correlate
them with a simpliﬁed form.
Based on the analysis above, it can be con-
cluded that the governing parameters for total
ﬂame extension (rl+H or rt+H) are the vertical
distance between ﬁre and tunnel ceiling (H),
equivalent ﬁre diameter (D), HRR ð _QÞ, air density
(qa), ambient temperature (Ta), thermal capacity
of air (cp) and gravitational acceleration (g).Con-
sequently, the total ﬂame length can be expressed
as
r þ H ¼ f ðH ; _Q;D; qa; cp; T a; gÞ ð3Þ
Based on simple dimensional analysis, this func-
tion can be expressed as
r þ H
H
¼ f
_Q
qag3=2H
7=2
;
cpT a
gH
;
D
H
 
ð4Þ
The three terms at the right-hand side of Eq. (4)
can be incorporated, and then the above equation
can be transformed into
r þ H
H
¼ f
_Q
qacpT ag1=2DH
3=2
 !
¼ f ð _QH Þ ð5Þ
where _QH is a dimensionless heat release rate
involving HRR, dimensions and height of ﬁre
source. Next, the deﬁnite expression of functional
relation will be determined by experimental data.
In Fig. 7, the dimensionless total ﬂame exten-
sions ((rl+H)/H and (rt+H)/H) are plotted
against _QH . It can be seen that in double logarith-
mic coordinates the dimensionless total ﬂame
extensions are linear related to _QH , the substantive
diﬀerence between diﬀerent ﬁre locations and
heights lies in the gradient, i.e., the graded change
in the magnitude of (r+H)/H.Therefore, the ﬁtted
formula for ﬁre ﬂush with sidewall is given by
r þ H
H
¼ 2:0Q
1=2
H ; longitudinal
1:9Q2=5H ; transverse
(
ð6Þ
As the ﬂame extension for ﬁre at the longitudinal
centerline is symmetrical, the ﬁtted formula is
given by
r þ H
H
¼ 1:60Q2=5H ð7Þ
However, it should be noted that as the trans-
verse ﬂame extension under our experimental con-
ditions is much shorter than channel width, its
inﬂuence is deemed to be negligible. Thus, the
above equations are not able to apply to very large
ﬁres with transverse ﬂame length being longer
than channel width. Besides, Eq. (7) is compared
to other previous data and correlations [4,12–15]
Fig. 7. Dimensionless total ﬂame length vs. _QH : (a)
Total ﬂame extension in longitudinal direction; (b) Total
ﬂame extension in transverse direction.
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lations from diﬀerent researchers have basically the
same trend although scattering within a certain
range. Compared with the previously used eye-
averaged deﬁnition, the ﬂame extension in this
work is determined by image processing with the
deﬁnition of 50% intermittency. With regard to
the disparity of the two deﬁnitions, Zukoski et al.
[7] had pointed out that the 50% intermittency level
ﬂame extensions lay consistently 10–15% lower
than the eye-averaged results, which further indi-Fig. 8. Comparison with other experiments.cates that the quality of Eq. (7) is indeed acceptable
in view of the diﬀerent deﬁnitions of ﬂame exten-
sion and various experimental conditions.
As mentioned before, when ﬁre is placed ﬂush
with sidewall the relative sizes of longitudinal and
transverse ﬂame lengths change with the variation
of HRR. Then the critical dimensionless heat
release rate, under which the longitudinal and
transverse ﬂame lengths are identical, can be
determined by Eq. (6), and Qcritical is 0.60. Based
on the value of Qcritical and Eq. (5), the HRRs of
the critical condition can be determined as 92,
67 and 43 kW for ﬁre against sidewall 0, 0.17
and 0.35 m above ﬂoor, respectively, which are
in line with the range of critical HRR in Fig. 3
(b-d).
A comparison for the measured and calculated
total ﬂame extensions are plotted in Fig. 9. The lon-
gitudinal and transverse total ﬂame lengths are
marked as solid and hollow symbols, respectively.
The proposed formulae give good predictions to
the total ﬂame lengths for diﬀerent ﬁre locations
and HRRs with the maximum error less than 10%.4. Conclusions
This paper presents a systematic experimental
study on the ﬂame shape and total ﬂame extension
under the ceiling of a channel. A total of 48 exper-
iments with four series of experiments were con-
ducted. The ﬂame extending shape under the
ceiling for various ﬁre locations and heights in
both longitudinal and transverse directions was
studied and physically interpreted. The total ﬂame
extensions were quantiﬁed by simple dimensional
analysis and compared with previous results.
The major conclusions are summarized as follows.
(1) The experimental results indicate that the
horizontal ﬂame behaves diﬀerently at
longitudinal and transverse directions for
2664 Z. Gao et al. / Proceedings of the Combustion Institute 35 (2015) 2657–2664diﬀerent ﬁre locations and hear release
rates. The ﬂame shape formed under the
ceiling is basically a circular when the ﬁre
was located at the longitudinal centerline.
While for ﬁre ﬂush with sidewall, it is a half
ellipse and the long axes of the ellipse
changes from perpendicular to parallel to
the sidewall plane with increasing HRR.
(2) The magnitude of horizontal ﬂame exten-
sion is signiﬁcantly aﬀected by the air
entrainment process. The changing behav-
ior of ellipses’ long axes direction is as a
result of the competition between two
entirely diﬀerent air entrainment mecha-
nisms: the air entrainment enhancement of
generated vortices and air entrainment
restriction of the corner structure above ﬁre
source.
(3) The total ﬂame extensions, as a combina-
tion of the vertical ﬂame height and hori-
zontal ﬂame length, are quantiﬁed by
simple dimensional analysis. The deﬁnite
expressions of correlations for total ﬂame
extension in both longitudinal and trans-
verse directions are obtained by experimen-
tal data and compared to the prior results
to prove their broad applicability. The crit-
ical dimensionless heat release rate, _Qcritical,
with equivalent longitudinal and transverse
ﬂame extensions for ﬁre against sidewall is
calculated as 0.60.Acknowledgements
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A set of burning experiments were conducted to investigate the effect of vertical shaft height on natural
ventilation in urban road tunnel ﬁres. Two special phenomena, plug-holing and turbulent boundary-layer
separation were observed, both of which will inﬂuence the effect of smoke exhaust. When shaft height is
relatively small, the boundary layer separation is signiﬁcant and vortexes form in the upstream region
inside the shaft, causing the backﬂow of gas mixture and preventing the throughﬂow of smoke. With
the increasing of shaft height, the boundary layer separation becomes inconspicuous and the plug-holing
occurs, leading to the ambient fresh air beneath smoke layer being exhausted directly, which will
strongly decrease the smoke exhaust efﬁciency. Therefore, it is not the case that the higher the vertical
shaft, the better the smoke exhaust effect, there exist a critical shaft height in which the boundary layer
separation can be diminished to a large extent and overmuch entrainment of fresh air such as plug-holing
can be avoided. In addition, the critical shaft height related to better effect can be determined by the new
criterion of Ri0 ðRi0critical ¼ 1:4Þ proposed in this paper.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Statistics have shown that smoke is the most fatal factor in ﬁres,
and about 85% of victims are killed by the hot and toxic smoke [1].
Therefore, when a ﬁre occurs, it is very important to stop the
smoke and toxic gases from spreading by appropriate exhaust sys-
tems. As the requirements of environmental protection for urban
road tunnels, an emerging natural ventilation system with vertical
shaft is gradually adopted in practice rather than the widely used
mechanical ventilation system because of the high pollutant den-
sity gathered near the outlet of mechanical ventilation systems [2].
Currently, scholars around the world have conducted a few pre-
liminary studies on the natural ventilation system with vertical
shaft in urban road tunnel ﬁres, mainly focus on the feasibility
and validity of this system. Wang et al. [3,4] conducted a set of
burning experiments in a full-scale tunnel with roof open, tested
the effect of natural smoke exhaust and investigated the ceiling
jet temperature and the backﬂow distance. Yoon et al. [5] investi-
gated the natural ventilation pressure of vertical shaft in two road
tunnels with results indicated that the ratio of natural ventilation
pressure induced by shaft to the mechanical ventilation pressure
came to 29.26%, which had greatly improved the smoke exhaustingll rights reserved.
.014
431 (ofﬁce), mobile: +86efﬁciency compared to traditional natural ventilation without ver-
tical shaft, thus verifying the feasibility of natural exhaust system
with vertical shaft. Huang et al. [6] numerically studied the effect
of the ventilation shaft arrangement and geometry on natural ven-
tilation performance in a subway tunnel with FLUENT. Mao et al.
[7] conducted a ﬁre testing to study the temperature distribution
of hot smoke under ﬁre circumstance in natural ventilation city
tunnel in a 1/10th scale model, the results indicated that natural
ventilation shafts can expel a mass of smoke from the tunnel and
take off the majority of heat. However, in these former studies,
the ﬂow ﬁeld within shaft has rarely been addressed.
Therefore, a set of burning experiments were conducted to
investigate the effect of shaft height on natural ventilation as well
as the ﬂow ﬁeld within shaft in urban road tunnel ﬁres. A simple
criterion of Ri0 was put forward to estimate the optimal shaft
height under different ﬁre scenarios. Furthermore, the study on
this issue may beneﬁt the current design of natural ventilation sys-
tem with vertical shaft and complement the current codes.2. Experiments
The approach of physical scale modeling is well established and
has been used in many researches of smoke movement in tunnels
and other corridor-like structures [5,7–10]. The idea of applying
similar model to ﬁre research was ﬁrst proposed by Thomas [11],
after the development and improvement of the later scholars
Nomenclature
DP pressure difference caused by the stack effect
DT average temperature rise of the smoke layer
g gravity acceleration
h shaft height
Ts smoke temperature
T0 ambient temperature
Q heat release rate
d thickness of smoke layer below vent without smoke ex-
haust
A cross-section of shaft
w width of shaft
v velocity of smoke below vent without smoke exhaust
ue ﬂow velocity at the smoke vent
Greek letters
Dq density difference
q0 density of ambient air
qs density of smoke
qs0 density of smoke without smoke exhaust
Subscript
f full-scale tunnel
m model tunnel
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an effective way to study the phenomenon of ﬁre and smoke. Mea-
surements in this study are made of temperature, velocity and the
visual observations. To ensure that the results can be extrapolated
to full scale, the Froude modeling was applied with the require-
ments for the equivalent ﬂows fully turbulent on both full and
model scale [11]. Turbulent ﬂow is typically achieved for ﬂows
with Reynolds numbers P4000 [14]. In these experiments the
Reynolds number of the smoke plume within shaft was calculated,
with values ranging from approximately 6000 to 20,000, which
indicating the series of experiments using physical scale model
in this study is appropriate. The dimensional relationships
between the ﬂuid dynamics variables were derived from ﬁrst
principles by Morgan et al. [15] and also included in NFPA 92B
[13]. By holding the Froude number constant, the relationships
can be simpliﬁed to obtain the required scaling laws,
Qm
Qf
¼ Lm
Lf
 5=2
ð1Þ
Tm ¼ Tf ð2Þ
Vm
Vf
¼ Lm
Lf
 1=2
ð3Þ
where, Q is the heat release rate (HRR), T is the temperature, V is the
velocity, L denotes the model size and Lm=Lf is the similarity ratio.
The subscript ‘f’ and ‘m’ represent the full and model scale parame-
ters respectively.
Figs. 1 and 2 show the 1/6th physical scale model which simu-
lated a ﬁre in an urban road tunnel and consisted of two main
units, the tunnel and the vertical shaft. The tunnel is 6 m long,
2 m wide and 0.9 m high. Its aspect ratio is determined based on
a survey of 17 urban road tunnels in Beijing, Nanjing and Shenzhen
in China, and is considered to be an extensive representation.
As shown in Fig. 2, the side near the aisle was made up of 6 mm
thick ﬁre-resistant glass to observe the experimental phenomena,
the top, bottom and the other side of tunnel were 8 mm thick ﬁre-
prooﬁng board. The cross section of the shaft is 30 cm  30 cm,
with the height varied by inserting ﬁre-resistant glasses andFig. 1. Schematic drawing of the 1/6th physical scale model.ﬁreprooﬁng boards of 20 cm high. The height of shaft can be chan-
ged from 0 to 1.0 m.
As shown in Fig. 3, the distance between shaft and the left open-
ing of tunnel is 4.2 m. A column of 16 thermocouples (K-type) was
setup with 1.5 cm spacing and the highest one was 2 cm below the
bottom of shaft. In the cross-section 4.2 m from the left opening of
tunnel, four velocity probes were installed, 3 and 7 cm below the
celling separately. Moreover, 4 thermocouples, one located next
to each of 4 velocity probes, were located evenly at the top opening
of the shaft.
A total of 42 tests were carried out. The burning fuel was meth-
anol contained in a pool-ﬁre located 1.2 m away from the left
opening. Seven different heat release rates were used with ﬁre
sizes of 6.95, 12.56, 20.21, 29.57, 36.66, 44.01, and 53.37 kW. For
a full scale equivalent using the scaling laws, these equate to ﬁre
sizes range from 0.6 to 4.7 MW, so as to simulate the most com-
mon car burning ﬁre in urban road tunnels [16]. Under each heat
release rate, shaft height was changed from 0 to 1.0 m, with an
interval of 0.2 m. For laser sheet ﬂow visualization, incense was
used as tracer agent and a digital video was used to record the
experimental phenomena.
3. Results and discussion
3.1. Stratiﬁcation characteristics of the smoke
When a ﬁre occurs, the plume rises from the seat at the ﬁre and
turns radially outward at the ceiling until it is deﬂected at the side
walls of the tunnel, then a transition from radial to one-dimen-
sional spreading takes place. The complete ﬂow ﬁeld can be subdi-
vided into ﬁve regions: rising plume, turning region near the
ceiling, radial spreading under the ceiling, transition from radial
to one-dimensional ﬂow and one-dimensional ﬂow under the ceil-
ing parallel to the tunnel axis [17–19]. In this study we will focus
on the smoke exhaust process in the one-dimensional ﬂow region
(see Fig. 4).
In the presence of vertical shaft, when smoke spreads to the
area beneath smoke vent, it will be exhausted through shaft be-
cause of the stack effect. However, under the effect of vertical iner-
tia force, the disturbance on smoke layer interface will be
strengthened greatly, leading to a lot more fresh air mixed into
the smoke layer and a sunken area appears under the smoke vent
(see Fig. 5). The emergence of the sunken area is due to the insuf-
ﬁcient of upstream volume ﬂow to supply the exhausted volume
ﬂow through shaft, and the size of which is depend on the intensity
of stack effect and the heat release rate of ﬁre.
Under HRR 20.21 kW, the measured temperatures under smoke
vent without exhausting are presented in Fig. 6. It can be found
that temperatures rise sharply from the ambient temperature to
Fig. 2. Photograph of the reduced scale tunnel.
Fig. 3. The arrangements of the measuring points.
Fig. 4. Smoke stratiﬁcation in one-dimensional ﬂow region without smoke exhaust
under HRR 20.21 kW.
Fig. 5. The disturbance under smoke vent with shaft 0.2 m high under HRR
20.21 kW.
6034 J. Ji et al. / International Journal of Heat and Mass Transfer 55 (2012) 6032–6041a relatively steady value at about 150 s, and about 450 s after igni-
tion, the temperatures begin to decrease due to the decay of HRR.
Similar trends are observed in other tests, so the steady stage is
determined as 250–450 s and the average parameters of tempera-
ture and velocity are calculated by averaging the values within this
range.
3.2. Plug-holing
The pictures of smoke beneath vent under HRR 20.21 kW are
presented in Fig. 7. In the case without vertical shaft (see
Fig. 7a), the stratiﬁcation of smoke is relatively stable. Comparing
to the cases with smoke exhaust by shaft (see Fig. 7b–f), the smoke
layer beneath vent shows a remarkable sunken area, and the areaof which increases with the increasing of shaft height, indicating
that the disturbances on smoke layer interface as well as the inten-
sity of stack effect are gradually enhanced. When shaft height
reaches a certain value, the apex of the depression enters into
the shaft and the smoke layer thickness beneath vent decreases
to 0. This special phenomenon in smoke exhaust process is called
as plug-holing, i.e. the fresh air is drawn directly into the shaft
from the lower layer. Obviously, in the cases with plug-holing,
the smoke exhaust efﬁciency will decrease signiﬁcantly.
Hinkley [20] studied the plug-holing phenomenon induced by
natural smoke exhaust and proposed a modiﬁed Froude number
to determine the occurrence of plug-holing in natural venting sys-
tems. In his study, an opening without vertical shaft for natural
smoke venting was adopted, in contrast to the present facility
exhibiting a vertical shaft. Lougheed et al. [21] experimentally
studied the inﬂuence of plug-holing on the mechanical exhausting
effectiveness in a small scale atrium and concluded that the Froude
number can be used to scale the plug-holing phenomenon in
mechanical smoke exhausting atria. Vauquelin et al. [22] also no-
ticed the plug-holing in some of the transverse smoke exhausting
experiments in a small scale tunnel with less net height and con-
cluded that in the cases with plug-holing, the smoke exhausting
efﬁciency had strongly decreased. Ji et al. [23] experimentally stud-
ied the inﬂuence of smoke vent height and exhausting velocity on
mechanical smoke exhausting efﬁciency, and concluded that in the
tests without plug-holing, the fresh air entrained due to smoke
exhausting is up to 30% of the mechanical exhausting rate, and in
order to achieve an excellent smoke exhausting, the amount of
fresh air entrained due to smoke exhausting should be considered
and reduced to minimum. However, in these former studies, deli-
cate quantitative analyses on plug-holing induced by vertical shaft
have rarely been addressed.
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Fig. 6. Temperature curves measured under the smoke vent.
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all cases is presented in Fig. 8. Under a certain HRR, the tempera-
ture rise of those thermocouples within smoke layer decreases
with the increasing of shaft height till basically constant, which
indicating the phenomenon of plug-holing occurs and all the ther-
mocouples are exposed to the air, i.e. smoke layer thickness below
vent decreases to 0. Yet for the thermocouples out of smoke layer,
temperatures do not change with shaft height. However, in the rel-
atively large HRR (36.66–53.7 kW), because of the severe convec-
tion and radiation heat transfer from smoke layer, the
temperature rise with plug-holing is higher than zero degrees
Celsius.
Based on the trend of temperature rise with the increasing of
shaft height, the temperature rise curves can be roughly divided
into two regions, i.e. plug-holing and without plug-holing. When
shaft is very low, the disturbance on smoke layer is slight and then
the smoke beneath vent can maintain a relatively stable stratiﬁca-
tion. With the shaft height increasing, the stack effect becomes
stronger, contributed to a sharp decrease of the smoke layer thick-
ness. As the further increasing of shaft height, the strength of stack
effect increases up to a critical condition in which the apex of the
sunken area enters into the shaft, leading to the phenomenon of
plug-holing occurs. For instance, as shown in Fig. 8c, when shaft
height increases to 0.4 m, all the temperatures almost drop to
the ambient value and basically remain constant in shaft height
larger than 0.4 m, indicating that plug-holing occurs (see Fig. 7c).
Based on the analysis above, the estimation of plug-holing in the
series of experiments is listed in Table 1, which agrees well with
the clips obtained by the digital video.
3.3. Boundary layer separation
The ﬂow ﬁeld (lightened by the laser sheet) within different
vertical shafts under HRR 20.21 kW is presented in Fig. 9. There
are generally two patterns of ﬂow ﬁeld. When shaft height is
0.2 m, there is a region of relatively low smoke density near the up-
streamwall of shaft. As only a little amount of smoke ﬂows into the
backﬂow, the smoke concentration at the left side is fairly low, just
above the ambient air. The shaft volume for exhausting actual
smoke is only half of the total volume, which leads to a signiﬁcant
reduction of the exhausting effectiveness. When shaft height in-
creases to 0.4 m, the low-concentration area disappears while asunken area appears at the center of shaft bottom. For further anal-
ysis of the change of ﬂow ﬁeld with shaft height increasing, the up-
stream and downstream velocities at shaft opening of all cases are
shown in Fig. 10. The average value of the two velocity probes at
the left side of shaft (near the ﬁre) is regarded as the upstream
velocity whereas the average value of the right side velocity probes
is regarded as the downstream velocity.
As shown in Fig. 10, when shaft height is 0.2 m, the upstream
velocity is approaching to zero and the downstream value is higher
than that of other shaft heights under a certain HRR. The difference
between the upstream and downstream velocities is signiﬁcantly
large and becomes larger with the increasing of HRR. The charac-
teristic of velocity is consistent with the ﬂow ﬁeld in Fig. 9a, it is
clear that there is nearly no smoke at upstream area of the top
opening and the effective exhausting section reduces, which
resulting in a very small reading of the upstream velocity probes
and a very large reading of the downstream probes.
As the connection angle of the shaft bottom and the tunnel ceil-
ing is 90, once the smoke under the action of horizontal inertia
force reaches the shaft bottom and ﬂows into the shaft, it separates
from the upstream wall of shaft immediately, i.e. the boundary
layer separation occurs [24], then the smoke ﬂows towards the
downstream area after passing across the separation point. Accord-
ing to physics of ﬂuids, separation of the ﬂow through a diverging
channel is possible. When the solid surface has a sharp corner, ﬂow
separation occurs immediately at this location. Above the separa-
tion point in the shaft, the change of the ﬂow ﬁeld structure results
in a signiﬁcant increase of ﬂow resistance generating an adverse
pressure gradient and preventing the throughﬂow of smoke. Once
the shaft height is so small that the relatively weak stack effect is
not able to overcome the adverse pressure gradient, the outside
fresh air will ﬂow into the shaft, resulting in a backﬂow in this area.
Then a small amount of smoke ﬂow will be entrained into the
backﬂow and mixed with the fresh air, causing large-scale vortexes
appear in the backﬂow area, in other words, the smoke can only be
discharged through the right part of the shaft. Therefore, it can be
concluded that the occurrence of boundary layer separation will
greatly reduce the effective smoke exhausting area within the ver-
tical shaft as well as the natural smoke exhaust effectiveness.
Harrison et al. [25] conducted a set of experiments in a 1/10th
physical scale model, simulated a ﬁre within a room adjacent to
an atrium void and found that plumes generated from narrow
Fig. 7. The characteristics of smoke beneath smoke vent (HRR = 20.21 kW).
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not adhere to the wall above. The similar behavior of boundary
layer separation was also observed in the work which examined
the trajectory of ﬂames from windows from post-ﬂashover ﬁres
[26,27].
When shaft height is 0.4 m, the velocity distribution at the top
opening with different HRRs is extremely special. In cases with big-
ger HRRs (36.66, 44.01 and 53.37 kW), the difference between the
upstream and downstream velocities is relatively large, similar to
the 0.2 m high shaft, also indicating the occurrence of boundary
layer separation, meanwhile, the velocity difference is smaller than
shaft in 0.2 m high, that is because the boundary layer separation is
weakened, with the increasing of shaft height. In the other cases
with smaller HRRs (6.95, 12.56, 20.21 and 29.57 kW), the upstream
and downstream velocities are generally equivalent, indicating the
boundary layer separation is diminished to a large extent (see
Fig. 9b). Therefore, it could be concluded that ﬂow ﬁeld within
the 0.4 m high shaft turns from inconspicuous to signiﬁcant
boundary layer separation with the HRR increasing.
When shaft height ranges from 0.6 to 1.0 m, the velocities at the
shaft top opening are more uniform. The ﬂow ﬁelds in the central
part of vertical shaft are presented in Fig. 9c–e. It can be seen that
the smoke is exhausted from the whole cross-section of the topopening. As the separation point exists, the boundary layer separa-
tion still exists at the very beginning. However, for relatively high
shaft, the smoke will keep ﬂowing upwards though being blocked
by the vortexes at the upstream area of the shaft bottom, and the
continuously entrainment process of air near the upstream wall
causes the static pressure to fall close to the wall and the smoke
is then pulled back toward the upstream wall. When smoke
reaches the top opening, stronger stack effect forms and produces
larger pressure difference, attenuating the negative inﬂuence of
boundary layer separation on the exhausting process to a large ex-
tent, that is, the boundary layer separation is negligible.
Based on the analysis above, the estimation of boundary layer
separation in the series of experiments is shown in Table 2, which
agrees well with the clips obtained by the digital video.
In summary, boundary layer separation and plug-holing are
both unwanted phenomena for exhausting smoke efﬁciently.
According to the previous analysis, when shaft is very low, the sig-
niﬁcant boundary layer separation occurs at the bottom of shaft on
the left side, and there appears an area of adverse pressure gradient
that will counterwork the smoke from ﬂowing across this region.
With the height of shaft increasing, stronger stack effect forms
and produces larger pressure difference, causing the boundary
layer separation diminished and attenuating the negative inﬂuence
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Fig. 8. The temperature rise from 0.655 to 0.88 m above the ground.
J. Ji et al. / International Journal of Heat and Mass Transfer 55 (2012) 6032–6041 6037to a large extent. However, if the shaft is so high that stack effect is
strong enough to cause the occurrence of plug-holing, the lower
fresh air will be directly exhausted and then the vertical shaft ex-
hausts a mixture of smoky gases and clean air. Ji et al. [23] exper-
imentally studied the inﬂuence of smoke vent height andexhausting velocity on mechanical smoke exhausting efﬁciency,
and concluded that once plug-holing occurs (with large exhausting
velocity) due to the large amount of fresh air exhausted into the
duct, less than half of the exhausting rate was smoke in the worst
case. In addition, when plug-holing occurs, the disturbance on
Table 1
The estimation of plug-holing.
HRR (kW) 0.2 m 0.4 m 0.6 m 0.8 m 1.0 m
6.95 No Yes Yes Yes Yes
12.56 No Yes Yes Yes Yes
20.21 No Yes Yes Yes Yes
29.57 No Yes Yes Yes Yes
36.66 No No Yes Yes Yes
44.01 No No Yes Yes Yes
53.37 No No Yes Yes Yes
No: nonoccurrence of plug-holing.
Yes: occurrence of plug-holing.
6038 J. Ji et al. / International Journal of Heat and Mass Transfer 55 (2012) 6032–6041smoke–air interface enhances signiﬁcantly (see Fig. 7), which will
break the stability of smoke and increase the entrainment of fresh
air, thus increasing the mass ﬂow rate and smoke layer thickness in
tunnel downstream the shaft. Chow et al. [28] conducted experi-
ments on mass ﬂow rates across layer interface in a two-layer zone
model in an atrium with mechanical exhaust system, and claimed
that the maximum mass ﬂow rate across the layer interface can be
up to 75% of the mass exhaust ﬂow rate of the smoke exhaust sys-
tem. In general, it is not the case that the higher the vertical shaft,
the better the smoke exhaust effect.Fig. 9. Flow ﬁeld in the central partTherefore, it can be expected that there exists a critical shaft
height in which the boundary layer separation can be diminished
to a large extent and the occurrence of plug-holing can be avoided.
Then, in the following part we will focus on the possibility of deter-
mining the critical shaft height under different HRRs.
3.4. New critical criterion
Hinkley [20] studied the phenomenon of plug-holing induced
by natural smoke exhaust and proposed a modiﬁed Froude number
to determine the occurrence of plug-holing in natural venting sys-
tems [11], which is
F ¼ ueA
ðgDT=T0Þ1=2d5=2
ð4Þ
where, ue is the ﬂow velocity at the smoke vent (m/s), A is the area
of the smoke vent (m2), d is the thickness of smoke layer (m), DT is
the average temperature rise of the smoke layer (K), T0 is the ambi-
ent temperature (K), and g is the gravity acceleration (m/s2). The
physical meaning of F in Eq. (4) is the ratio of the inertia force to
the gravity force which is relevant to the buoyant ﬂows associated
with ﬁres. For the occurrence of the plug-holing, there is a critical
Froude number named as Fcritical. It can be inferred that when theof the shaft (HRR = 20.21 kW).
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Fig. 10. Upstream and downstream exhausting velocities at the shaft top opening.
Table 2
The estimation of boundary layer separation.
HRR (kW) 0.2 m 0.4 m 0.6 m 0.8 m 1.0 m
6.95 Yes No No No No
12.56 Yes No No No No
20.21 Yes No No No No
29.57 Yes No No No No
36.66 Yes Yes No No No
44.01 Yes Yes No No No
53.37 Yes Yes No No No
No: negligible boundary layer separation.
Yes: boundary layer separation.
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air in the lower layer will be drawn directly into the vent. Former
studies [29] have shown that Fcritical of 1.5 is applicable for vents
close to the center of the smoke reservoir and 1.1 is suitable to
the vents near the reservoir sides [22]. However, in all the former
studies, there are no related analyses on the occurrence of plug-hol-
ing in the system of natural smoke exhaust by vertical shaft.
Then, what we concern most is whether the critical Froude
number is suitable for the system of natural smoke exhaust by ver-
tical shaft. Fig. 11 presents the Froude numbers calculated by Eq.
(4) of different conditions in this study.
According to the estimation of plug-holing in Table 1, the cases
with plug-holing are marked as hollow symbols. It can be seen that
the Froude numbers are totally mixed together whether or not
plug-holing occurs and no critical value can be obtained to distin-
guish those cases of plug-holing. In particular, when shaft is 0.4 m
high, the Froude numbers of the cases without plug-holing (leg-
ends marked blue) are larger than 1.5, and the Froude numbers
of the cases with plug-holing (legends marked green) are not all
larger than 1.5. Therefore, it is no doubt that the criterion of Froude
number is not applicable to the natural exhaust system with verti-
cal shaft. The basic reason is that this criterion assumes the longi-
tudinal velocity beneath smoke vent to be zero and the smoke
layer is stationary with uniform temperature, which is signiﬁcantlydifferent from the condition of smoke layer in tunnel. On the con-
trary, as lack of stationary smoke reservoir in tunnel, the velocity of
ceiling jet is relatively large while the thickness of smoke layer be-
neath vent is relatively small. Therefore, a new criterion should be
proposed to determine the occurrence of plug-holing.
In terms of theory, the primary driving function of natural ven-
tilation is the stack effect caused by temperature difference be-
tween the smoke in shaft and the ambient fresh air. The
difference of temperature means the difference of density, which
eventually leads to the smoke moving upward by buoyancy. As
for stack effect of vertical shaft, the pressure difference in and
out of shaft is the key parameter. According to Bernoulli’s principle,
the pressure difference can be expressed as
DP ¼ ðq0  qsÞgh ð5Þ
Assuming the smoke in shaft has a uniform temperature, substi-
tuting the ideal gas equation into Eq. (5),
DP ¼ q0T0
1
T0
 1
Ts
 
gh ð6Þ
whereDP is the pressure difference caused by stack effect (Pa), q0 is
the density of ambient air (kg/m3), qs is the density of smoke (kg/
m3), T0 is the temperature of ambient air (K), Ts is the Temperature
of smoke (K), g is the gravity acceleration (m/s2) and h is the shaft
height (m). As shown in Eq. (6), the larger temperature difference,
the stronger the stack effect.
Beside of the vertical buoyancy force causing the stack effect,
the smoke exhausting process by vertical shaft is also controlled
by the smoke’s horizontal inertia force and the viscous force of
shaft wall. As the friction factor of shaft is very small, compared
with inertial force, the viscous force could be ignored. That is to
say, the main competition mechanism controlling the ﬂow ﬁeld
is the relative magnitudes of horizontal inertia and vertical buoy-
ancy force. Therefore, a non-dimensional number Ri0 is proposed
in this paper to determine the ﬂow ﬁeld under different HRRs
and shaft heights. Ri0 is deﬁned as the ratio of the vertical buoyancy
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Fig. 11. The Froude numbers of different conditions in this study.
Table 3
Parameters under the vent without exhausting.
HRR
(kW)
Ambient
temperature (K)
Smoke
temperature (K)
Smoke layer
thickness (m)
Velocity
(m/s)
6.95 288.15 305.10 0.16 0.42
12.56 288.15 314.44 0.165 0.52
20.21 296.4 333.88 0.175 0.74
29.57 297.4 346.52 0.175 0.87
36.66 298.4 352.94 0.185 0.94
44.01 297.2 356.30 0.185 0.99
53.37 298.65 364.61 0.185 1.15
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Fig. 12. The values of Ri0 undThe vertical buoyancy force is given by
Fv ¼ DqghA ð7Þ
The horizontal inertia force of smoke without smoke exhaust is
given by
Fh ¼ qs0v2dw ð8Þ
then,
Ri0 ¼ Fv
Fh
¼ DqghA
qs0v2dw
ð9Þ
where, Dq is the density difference between smoke under vent
and the ambient air without smoke exhaust (kg/m3), g is the accel-
eration of gravity (m/s2), d is the thickness of smoke layer below0.6 0.8 1.0
height/m
dary layer separation
er different experiments.
J. Ji et al. / International Journal of Heat and Mass Transfer 55 (2012) 6032–6041 6041vent without smoke exhaust (m), h is the height of shaft (m), A is
the cross-section of shaft (m2), qs0 is the density of smoke in tun-
nel without smoke exhaust (kg/m3), v is the velocity of smoke un-
der vent without smoke exhaust (m/s), w is the width of shaft (m),
parameters under the vent without exhausting are listed in Table
3.
Based on the parameters of Table 3, the values of Ri0 calculated
by Eq. (9) are shown in Fig. 12. As shown in Fig. 12, under a certain
HRR, with the increasing of shaft height which is related to the ver-
tical buoyancy force, the values of Ri0 are gradually increasing.
Comparing with the estimation of plug-holing in Table 1, it can
be found that the bigger the value of Ri0, the closer of ﬂow ﬁeld
to plug-holing. While in a certain shaft height, with the increasing
of HRR which is related to the horizontal inertial force, the values
of Ri0 are gradually decreasing, namely the ﬂow ﬁeld is further
away from plug-holing and closer to obvious boundary layer sepa-
ration. Therefore, it is reasonable and feasible to correlate the value
of Ri0 with the ﬂow ﬁeld or, equivalently, with the effect of smoke
exhaust.
Comparing Fig. 12 with Tables 1 and 2, the critical value of
Ri0 ðRi0criticalÞ can be roughly determined as 1.4. When Ri0 is smaller
than 1.4, the ﬂow ﬁeld in vertical shaft appears boundary layer
separation, otherwise the phenomenon of plug-holing occurs.
Combined with the former analysis and discussion of critical shaft
height, we could have the conclusion that the critical shaft height,
in which the boundary layer separation can be diminished to a
large extent and the occurrence of plug-holing can be avoided, cor-
responds to the intersecting points of the straight line (Ri0 = 1.4)
with each oblique line of a certain HRR. For instance, under HRR
53.37 kW, the critical shaft height is about 0.5 m, as shown in
Fig. 12.4. Conclusion
This article provides experimental data to characterize the
ﬂow ﬁeld of smoke within vertical shaft of natural ventilation
system in urban road tunnels, for a range of ﬁre sizes and shaft
heights. Analysis of these results has provided the following
conclusions.
With shaft height increasing and stronger stack effect produc-
ing, the ﬂow ﬁeld within vertical shaft has roughly gone through
two stages of the boundary layer separation and the plug-holing.
In relatively low shaft height, the boundary layer separation is sig-
niﬁcant and vortexes form on the upstream side of shaft, causing
the backﬂow of a portion of discharged smoke and the effective
exhausting section reduced, which is obviously detrimental to ex-
haust smoke effectively. However, if the shaft is too high, excessive
vertical buoyancy force causing the stack effect curbs the boundary
layer separation and cause the occurrence of plug-holing, in this
case, the lower cool air will be exhausted directly, which also lead
to the smoke exhaust process inefﬁciency. Therefore, it is a clear
choice to set the ventilation shaft at a critical value, at which the
stack effect of moderate intensity would both curb the boundary
layer separation to a large extent and avoid the fresh air exhausted
directly because of plug-holing.
A theoretically based criterion of Ri0 is put forward in this paper
to determine the critical shaft height in different ﬁre sizes, and the
critical value of Ri0 ðRi0criticalÞ is roughly determined as 1.4 on the
basis of experimental results. A valuable conclusion is that the
criterion of Ri0 appears to be suitable for design purposes due to
its simplicity and it generally performs good for the range of con-
ditions studied.Acknowledgement
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Large Eddy SimulationThis paper has analyzed the effect of stack effect on natural ventilation with increasing shaft height in
urban road tunnel ﬁres by Large Eddy Simulation (LES). Results have shown that it is not the case that
the higher the vertical shaft, the better the smoke exhausting effect. When shaft height increases to a cer-
tain value, the plug-holing effect occurs beneath smoke vent because of the excessive vertical inertia
force induced by stack effect and the fresh air below smoke layer is drawn directly into the shaft, leading
to the smoke exhausting process inefﬁciently. Based on the controlling inertia force acts on smoke move-
ment, the exhausting process with different shaft heights can be divided into the horizontal inertia force
control, the vertical inertia force control and the transition process between them. It comes to conclusion
that the shaft can exhaust more smoke and avoid the plug-holing effect when it is at the critical plug-hol-
ing height under different heat release rates. So the critical plug-holing height is the optimal value for
effective smoke exhausting.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
As the problem of trafﬁc congestion increasingly serious, more
and more urban underground road tunnels are under construction
all over the world to alleviate the trafﬁc pressure [1]. However, ow-
ing to the special structure of tunnels, when a ﬁre occurs, the
smoke spreads fast and widely, which prohibits the safe evacuation
of occupants and the ﬁreﬁghters from extinguishing the ﬁre. Statis-
tics have shown that smoke is the most fatal factor in ﬁres, and
about 85% of victims in building ﬁre were killed by hot and toxic
smoke [2]. Therefore, it is very important to stop the smoke and
toxic gases from spreading by appropriate exhaust systems.
There are mainly two kinds of ventilation systems in road tun-
nels, i.e. the natural ventilation and the mechanical ventilation. For
urban road tunnels, if adopting mechanical ventilation, high con-
centration of pollutive gas near the outlet is difﬁcult to meet the
requirements of environmental protection and its construction,
operation and maintenance are costly. In contrast, the natural ven-
tilation with vertical shaft is simple, economical and doesn’t need
extra power and special equipment, and then it has been adopted
in more and more urban underground road tunnels [3].
Currently, many scholars have conducted extensive research on
effectively controlling the smoke spread and optimizing the
parameters of mechanical exhaust system [4–10], while there are
only a few preliminary studies on the natural ventilation systemwith vertical shaft and mainly on the feasibility and effectiveness
of this system. Wang et al. [11,12] conducted full-scale experi-
ments on ﬁres in the tunnel with opening roof, tested the effect
of natural ventilation and investigated the ceiling jet temperature
and the backﬂow distance. Yoon et al. [13] investigated the pres-
sure of natural ventilation of the shaft in two road tunnels with re-
sults indicating that the ratio of natural ventilation pressure
induced by vertical shaft to the mechanical ventilation pressure
came to 29.26%, which had greatly improved the smoke exhausting
efﬁciency compared to the traditional natural ventilation without
vertical shaft, thus verifying the feasibility of natural exhaust sys-
tem with vertical shaft. Huang et al. [14] investigated numerically
the effect of the ventilation shaft arrangement and shaft geometry
on natural ventilation performance in a subway tunnel by FLUENT.
Mao et al. [15] conducted a ﬁre testing to study the temperature
distribution of hot smoke under ﬁre circumstance in natural venti-
lation urban road tunnel with a 1:10 physical scale model, the re-
sults indicated that natural ventilation shafts can expel a mass of
smoke from the tunnel and take off the vast majority of heat.
As a matter of fact, the smoke exhausting process is mainly con-
trolled by the smoke’s horizontal inertia force and the vertical iner-
tia force induced by stack effect. In a certain heat release rate, the
horizontal inertial force is constant and the natural exhaust efﬁ-
ciency is directly affected by the size of the vertical inertia force.
However, until now, few scholars have studied the effect of the
vertical inertia force induced by stack effect on natural ventilation.
The rapid development of computer provides efﬁcient tools to
ﬁre safety risk assessment [16,17] such as Computational Fluid
Nomenclature
D⁄ characteristic length
DP pressure difference caused by the stack effect
g gravity acceleration
h shaft height
Ts temperature of smoke
T0 temperature of ambient air
Q heat release rate
C coefﬁcient
_mf mass ﬂow rate of ﬁre plume
_me smoke exhausting rate
_ms mass ﬂow rate of smoke proportion of the exhausting
rate
_ma mass ﬂow rate of entrained fresh air due to the smoke
exhausting process
_m0a mass ﬂow rate of entrained fresh air due to the mixture
with smoke layer
Greek letters
Dq density difference
q0 density of ambient air
qs density of smoke
dx grid size
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codes for modeling ﬁres in recent years. The software package, Fire
Dynamics Simulator (FDS) [18], a LES code coupling with a post-
processing visualization tool, SMOKEVIEW, developed by National
Institute of Standards and Technology (NIST), USA, could now be
regarded as a practical tool for simulating ﬁre-induced environ-
ment. The model has been subjected to numerous validations, cal-
ibrations and studies on the temperature and velocity ﬁelds in ﬁres
[4,8,19–22]. There are also some related studies in tunnel ﬁre re-
search ﬁeld. Hwang [4] found that the FDS code was capable of pre-
dicting the critical ventilation velocity which was just sufﬁcient to
prevent the smoke backﬂow in channels of various sizes and con-
ﬁgurations. The backﬂow distance in a tunnel ﬁre predicted by FDS
was about the same as that of experimental results in Roh’s re-
search [8]. In Kim’s study [20], FDS produced predictions that were
in qualitative agreement with the actual tunnel ﬁre phenomena in
the near-ﬁre and downstream region. Quite good agreement was
found between numerical and experimental results in small-scale
tunnel ﬁres in Tilley’s research [21]. Wang [22] found that in a ven-
tilated tunnel ﬁre, the time-averaged temperatures outputted by
FDS attained a relatively good agreement with the experimental-
data from a full-scale ventilated tunnel. All the above researches
have justiﬁed that FDS is a valid tool to model the ﬁre-induced
smoke ﬂow in tunnels.
At present, natural ventilation systems with vertical shafts have
started to be adopted in urban tunnels in practice, such as Xianmen
Road Tunnel at city Nanjing, Jiangsu province, China, metro line
one tunnel at city Chengdu, Sichuan province, China. However,
the researches on this type of ventilation system are sorely lacking
and the current building codes in China have not mentioned the
requirements of design and construction process about this type
of system. Therefore, in order to investigate the inﬂuence of the
stack effect on natural ventilation, this study adopted the method
of Large Eddy Simulation and simulated a group of ﬁre scenarios
with increasing vertical inertia force by changing the shaft heightTable 1
Computing details of FDS simulation.
Test no. Grid quantity
x y z
1 306 36 18
2 408 48 24
3 510 60 30
4 612 72 36
5 816 96 48
6 1020 120 60
Computational domain: 102 m(x)  12 m(y)  6 m(z).separately in different heat release rates. The objective of this re-
search is to determine the optimum shaft height for natural
exhausting systems and propose some suggestions to achieve an
excellent smoke exhausting efﬁciency. So, we hope the research
on these issues can make up the insufﬁciency in previous studies
and provide the useful theory and design support for the study of
natural ventilation with vertical shafts.
2. Theoretically analysis
The primary driving force of natural ventilation is the stack ef-
fect caused by temperature difference between the smoke in the
shaft and the ambient fresh air. The difference of temperature
means the difference of density, which eventually leads to the
smoke moving upward by buoyancy. Under the stack effect, the
pressure difference inside and outside the shaft is the key param-
eter we concern most, according to Bernoulli’s principle, the pres-
sure difference can be expressed as
DP ¼ ðq0  qsÞgh ð1Þ
Assuming the smoke in shaft has a uniform temperature, according
to the ideal gas equation of state:
DP ¼ q0T0
1
T0
 1
Ts
 
gh ð2Þ
whereDP is the pressure difference caused by stack effect (Pa), q0 is
the density of ambient air (kg/m3), qs is the density of smoke (kg/
m3), T0 is the temperature of ambient air (K), Ts is the temperature
of smoke (K), g is the gravity acceleration (m/s2) and h is the shaft
height (m). As shown in Eq. (2), the larger the temperature differ-
ence, the larger DP, which indicates more remarkable stack effect.
The smoke exhausting process with a smoke layer below shaft
is shown in Fig. 1. When a ﬁre occurs, the plume rises from the seat
at the ﬁre and turns radially outward at the ceiling until it is de-
ﬂected at the side walls of the tunnel, then a transition from radialGrids/m Time consuming (h)
Total no. of grids
198288 3 1.43
470016 4 4.42
918000 5 10.36
1586304 6 19.16
3760128 8 20.33
7344000 10 94.89
Fig. 1. The exhausting process through the vertical shaft.
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smoke spreads to the area beneath the shaft, it will be exhausted
because of the vertical inertial force induced by stack effect. How-
ever, under the action of vertical inertia force the disturbance on
smoke-air interface will be strengthened greatly, leading to a lot
more fresh air mixed into the smoke layer, some of which is dis-
charged through the shaft, and the other overﬂows to the down-
stream of tunnel.
As shown in the ﬁgure, _mf is the smoke generated by the plume,
_me is the smoke exhausting rate, _ms is the smoke proportion of the
exhausting rate, _ma is the entrained fresh air due to the smoke
exhausting process, _m0a is the entrained fresh air due to the mixture
with smoke layer, which is usually very small. The correlation of
these variables can be expressed as,
no smoke exhaust
_m0 ¼ _mf þ _m0a ð3Þ
smoke exhaust through shaft
_m ¼ _mf þ _m0a þ _ma  _me ð4Þ
_me ¼ _ms þ C _ma ð5Þ
where C is a coefﬁcient which is between 0 and 1, _m0 is the spilling
mass ﬂow rate without smoke exhaust, _m is the spilling mass ﬂow
rate with the smoke exhaust through vertical shaft. Theoretically,
less C _ma lead to better smoke exhausting efﬁciency. As shown in
Eq. (5), it is implied that only part of the mixed air, C _ma; is ex-
hausted by smoke vent, and the rest of it, (1C) _ma; stays in the
smoke layer and keeps spreading along.
Under an ideal smoke controlling condition, _ma should be zero,
and _me should equal to ( _mf þ _m0a). Therefore, _m equals to zero so
that the smoke exhausting operates at the maximum efﬁciency un-
der which the smoke generated by the plume is totally exhausted
without any extra fresh air mixed in the smoke layer because of the
exhausting process through shaft. Obviously, the value of these
parameters such as _me, _ma and C are directly bound up with the
exhausting efﬁciency. Consequently, this paper does some research
on the trends of these parameters with increasing vertical inertia
force.3. CFD numerical modeling
3.1. An introduction to Fire dynamics simulator
FDS solves numerically a form of the Navier–Stokes equations
for thermally-driven ﬂow. A description of the model, many valida-
tion examples, and a bibliography of related papers and reports
may be found on http://ﬁre.nist.gov/fds/. It includes both DNS
(Direct Numerical Simulation) model and LES (Large Eddy Simula-
tion) model. The LES model, which is widely used in study ofﬁre-induced smoke ﬂow behavior, is selected in this study. The
governing equation is [18]:
@q
@t
þr  qu ¼ _m000b ð6Þ
for the mass conservation while the conservation of momentum is:
@
@t
ðquÞ þ r  quuþrp ¼ qgþ fb þr  sij ð7Þ
and the conservation of energy is:
@
@t
ðqhsÞ þ r  qhsu ¼ DpDt þ _q
000  _q000b r  _q00 þ e ð8Þ
The Sub-Grid-Model (SGM) commonly used in LES is developed
originally by Smagorinsky [25]. The eddy viscosity is obtained by
assuming that the small scales are in equilibrium, by balancing
the energy production and dissipation. The turbulent viscosity de-
ﬁned in FDS is [18],
lLES ¼ qðCsDÞ2 2Sij : Sij 
2
3
ðr  uÞ2
 1
2
ð9Þ
where D is (dxdydz)1/3 and Cs is an empirical Smagorinsky constant.
The Smagorinsky constant Cs in LES simulation is ﬂow dependent
and has been optimized over a range from 0.1 to 0.25 for various
ﬂow ﬁelds. FDS has been subjected to many veriﬁcation works
and improved since its ﬁrst release in 2000. According to these val-
idation works, the constants, Cs, Pr and Sc, are set as default values
in FDS for current paper as 0.2, 0.2 and 0.5, respectively. It was re-
ported [26] that for simulating buoyancy-drive ﬂow, the predicted
values from the ﬁltered dynamics SGM by FDS agreed better with
the measured value than those from the original Smagorinsky mod-
el and RANS (Reynolds-Averaged Navier–Stokes) models.
The Courant–Friedrichs–Lewy (CFL) criterion is used in FDS for
justifying numerical convergence. For most large-scale calculations
where convective transport dominates diffusive, the CFL condition
restricts the time step. The estimated velocities are tested at each
time step to ensure that the CFL condition is satisﬁed [18]:
dt max juijkj
dx
;
jv ijkj
dy
;
jwijkj
dz
 
< 1 ð10Þ
The initial time step is computed automatically in FDS by the size of
a grid cell divided by the characteristic velocity of the ﬂow. During
the calculation, the time step is varying and constrained by the con-
vective and diffusive transport speeds to ensure that the CFL condi-
tion is satisﬁed in each time step [18]. The time step is eventually
changed to a quasi-steady value when the ﬁre burns steadily.
The soot formation is computed automatically by the sub-com-
bustion model provided in FDS based on mixture fraction for LES
simulation [18]. When using this model, the local heat release rate
per unit volume is extracted from the computed mixture fraction
ﬁeld. The mixture fraction, Z, is partitioned into two components.
Each component is tracked via a transport equation:
Z1 ¼ YF
YIF
ð11Þ
Z2 ¼ WFx mCO  ð1 XHÞms½ WCO2
YCO2
YIF
ð12Þ
where YIF is fuel mass fraction at the ﬁre source surface and x is the
number of carbon atoms in the fuel molecule. WF is the molecular
weight of the fuel, WCO2 is the molecular weight of CO2, XH is the
hydrogen atomic fraction of the fuel, vs is the amount of fuel that
is converted to soot, and vCO is the amount of fuel that is converted
to CO. Z = Z1 + Z2, and thus x  vCO  (1  XH)vs is the number of the
carbon atoms in the fuel molecule that are oxidized [27].
0 1 2 3 4 5
20
30
40
50
60
70
80
90
Te
m
pe
ra
tu
re
/°C
Height/m
1
2
3
4
5
6
Test No.
Fig. 2. The vertical temperature distribution 75 m from the left opening of the
tunnel.
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soot and CO. The fraction of fuel mass converted into CO, is propor-
tional to the soot yield fraction, ys. We can denote the slope as yCO
with the correlation developed by Koylu [28]. Fire-induced smoke
spread and CO transportation in a full scale channel were once
studied by Yang numerically and experimentally. In their studies,
the predicted CO concentration agreed well with the experiment
with ys of 0.1 [29], in the current study, ys is also set as 0.1.
Radiative heat transfer is commonly acknowledged as the dom-
inant mode of heat transfer for medium or large-scale ﬁres, which
determines the growth of ﬁres and the spread of smoke. In this
study, radiative heat transfer is introduced by the solving radiation
transport equation (RTE) under Finite Volume Method (FVM). The
heat gain and loss with conduction and radiation are represented
by the heat ﬂux vector in the energy equation [18].
The RTE for an absorbing or emitting and scattering medium
can be deﬁned as:
s  rIkðx; sÞ ¼  jðx; kÞ þ rsðx; kÞ½ Ikðx; sÞ þ Bðx; kÞ
þ rsðx; kÞ
4p
Z
4p
Uðs; s0ÞIkðx; s0Þds0 ð13Þ
where Ikðx; sÞ is the radiation intensity at wavelength k, rsðx; kÞ and
jðx; kÞ are local scattering and absorption coefﬁcients. 1 is the emis-
sion source term, and s is the direction vector of the intensity. When
the gas is non-scattering, the RTE becomes
s  rIkðx; sÞ ¼ jðx; kÞ½IbðxÞ  Ikðx; sÞ ð14Þ
where IbðxÞ is the source term given by the Planck function [28].
The radiation spectrum k is divided into a set of bands, and a
separate RTE is derived for each band. The band of RTE is:
s  rInðx; sÞ ¼ jnðx; kÞ½Ib;nðxÞ  Inðx; sÞ; n ¼ 1; . . . ;N ð15Þ
where jn is the appropriate mean absorption coefﬁcient in the
band, and In is the intensity integration over the band n. The source
term can be written as a fraction of the blackbody radiation:
Ib;nðxÞ ¼ FnrT
4
p
ð16Þ
where r is the Stefan–Boltzmann constant, and Fn is the calculation
of factors [30].
3.2. The mesh grid size sensitivity analysis
Although FDS is a ﬁre-spreading and smoke transport simula-
tion software widely used in railway and subway tunnels and sta-
tions, engineers must have a good understanding on the physics
behind, so that results can be judged appropriately. Therefore, be-
fore making the numerical simulation, it is necessary to analyze
the mesh grid size sensitivity to ensure the predicted results on
smoke movement are plausible enough.
In this paper, we analyze the mesh independent issues by the
following method, ﬁrst of all, determining the appropriate mesh
grid size range according to the grid resolution requirements in
the FDS user’s guide [18], and then gradually increasing the mesh
density and comparing the results before and after mesh reﬁne-
ment, if there is no signiﬁcant difference between two adjacent
grid size, it shows the calculation results is independent of the
mesh density. Heat release rate 3MM is taken as example in the
following section.
In the FDS user’s guide, a measure of how well the ﬂow ﬁeld is
resolved is given by the non-dimensional expression D=dx, where
D is a characteristic ﬁre diameter
D ¼
_Q
q1cpT1
ﬃﬃﬃ
g
p
 !2
5
ð17Þand dx is the nominal size of a mesh cell. It is recommended by
McGrattan et al. [18] that the value of D=dx should be in the range
of 4–16. Then the grid size of the ﬁnest mesh for the 3 MW ﬁre was
calculated to be between 0.1 m and 0.4 m.
Obviously, ﬁner grid will better reﬂect the heat ﬂow ﬁeld in de-
tail, but it is also time consuming. So we have to make a choice for
an appropriate mesh grid size. In this paper, six different mesh
sizes ranging from 0.1 to 0.4 m are chosen for comparison, as
shown in Table 1. In addition, the range of the computational do-
main may have an evident effect on the ﬂow in and out of the tun-
nel and shaft system, which is likely to further impact the
temperature and velocity distribution in the system. Meanwhile,
reasonable extension of the computational domain has been
proved to be necessary to acquire accurate results [31,32]. There-
fore, the additional computational regions are added near the top
opening of the vertical shaft and tunnel outlets, the effective do-
main extension at each opening is 1 m, which is determined
according to the parametric study of computational domain on
numerical simulation by He et al. [33].
Figs. 2 and 3 present the vertical temperature and velocity dis-
tribution in tunnel separately with different grid sizes. As shown in
these two ﬁgures, with the mesh density increasing, the tempera-
ture and velocity curve trend to be uniform. The results of the testsFig. 3. The vertical velocity distribution 25 m from the left opening of the tunnel.
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icant improvement but more time consuming when the mesh den-
sity increases up to 6 grids/m. Hence, we choose a multi-mesh
system with the grid size of 0.167 m (6 grids/m) in tunnel and
0.0833 m (12 grids/m) in the shaft region, in order to obtain more
accurate simulation results.
In order to verify the accuracy of the numerical simulation in
this study, we compare the numerical prediction with the existing
ceiling jet empirical equations for maximum temperature and the
full scale experimental data. Motevalli and Ricciuti [34] reviewed
the researches of ceiling jet temperature by Evans [35] and Cooper
[36] who account for the upper layer’s effect on the ceiling jet char-
acteristics. By comparing the two results in Fig. 4, it can be seen
that the predicted values calculated by their empirical equations
show similar tendency with the simulation results though a little
lower than them. In addition, with respect to this disparity Motev-
alli and Ricciuti [34] have also indicated that ‘‘the temperature of
the ceiling jet for the experiments is consistently higher than pre-
dicted by Evans’ method’’.
Then we consider compare the numerical prediction with the
experimental data. Owing to the fact that there are not existing full
scale experiments with the same geometrical shape of tunnel and
ﬁre power, we adopt the approach of Froude modeling, which has
been used in many researches of smoke movement in tunnels
[13,15], to extrapolate the simulation results to full scale tunnel
experiments. The relationship between simulation and full scale
experiments is given by
Qs
Qe
¼ Ls
Le
 5
2
ð18Þ
Ts ¼ Te ð19Þ
where Q is the heat release rate (HRR), T is the temperature, L de-
notes the model size. The subscript ‘s’ and ‘e’ represent the simula-
tion and full scale experiments respectively.
According to this idea, the maximum ceiling temperature of
numerical simulation is compared with data from a full scale tests
by Hu [37]. The full scale burning tests were conducted in an
underground corridor measuring 88 m long, 8 m wide and 2.65 m
high with heat release rate 0.8 and 1.5 MW. To consider the differ-
ence of sectional dimension to full extent, the model size L is se-
lected as the hydraulic diameter which is 4 times the area to
perimeter ratio of the cross-section. Taking the case with heat re-
lease rate 3 MW as example, substituting the related parameter
into Eq. (18) the corresponding Qe equals to 0.825 MW, i.e., the0 5 10 15 20 25 30 35 40 45 50 55
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Fig. 4. Parameter validation with empirical equations and the experimental data.maximum ceiling temperature at the longitudinal centerline ofthe
simulation model with heat release rate 3 MW should be equal to
that of the full scale corridor with heat release rate 0.825 MW.
Fig. 4 also shows the comparison of simulation results with the full
scale experiments with heat release rate 0.8 MW. As we can see,
the simulation results are higher than the experimental tests, the
reason of which may be because of the heat release rate in exper-
iments is smaller than the calculated value of 0.825 MW. In gen-
eral, based on the comparison of the numerical prediction with
the existing ceiling jet empirical equations and full scale experi-
mental data, the accuracy of the numerical scheme is indeed
credible.3.3. Physical model setup
By taking the aspect ratio of actual tunnels into account, the
tunnel model in this research is speciﬁed as 100 m long, 10 m wide
and 5 m high. The ﬁre source is located at the centerline of the tun-
nel, 50 m from the left opening of the tunnel. A total of 88 experi-
ments are simulated with the same simulation time of 120 s. The
ﬁre heat release rate (HRR) is designed as 3 MW, 5 MW, 10 MW
and 15 MW to simulate the most common ﬁre scenarios of car
burning (3–5 MW) and truck burning (10–20 MW) in urban road
tunnels [38]. The vertical shaft is set up 75 m from the left opening
of the tunnel with the cross-sectional size of 2  2 m and the shaft-
height is changed from 0–5 m with an interval of 0.25 m in each
HRR, in addition, the ﬁre scenarios without smoke exhaust are also
simulated as the controlled group. The schematic diagram of the
model is shown in Fig. 5. The ambient gas temperature and initial
temperature of tunnel wall are set to be 25 C. The top of the shaft
and tunnel exists are set to be ‘‘OPEN’’. The internal lining of the
tunnel and shaft are speciﬁed as ‘‘CONCRETE’’ and its conductivity,
speciﬁc heat and density are 1.2 W/(m K), 0.88 kJ/(kg K) and
2200 kg/m3.
The various measuring points are arranged as follows: a gaug-
ing point to measure smoke layer interface, a column of 24 ther-
mocouples and a column of 24 CO sensors are located at the
centerline of the tunnel 20 m away from the ﬁre source; The ther-
mocouples and CO sensors are set up with 0.2 m spacing and the
highest ones were 0.1 m below the ceiling. A gauging point to mea-
sure the spilling ﬂow rate is located 5 m from the right opening of
the tunnel in case of the disturbance of air supplement at the open-
ing. Nine thermocouples, one located next to each of nine CO sen-
sors, are located evenly and a gauging point to measure the massFire
Vertical 
(a) 3.5 m high shaft 
(b) Tunnel without smoke exhaust 
Fig. 5. The schematic diagram of the model.
(a) Tunnel side view            (b) Shaft top view 
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Fig. 6. The arrangements of the measuring points.
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Fig. 8. Smoke layer parameters 5 m away from downstream shaft under heat
release rate of 3 MW.
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The arrangements of the measuring points are shown in Fig. 6.
4. Results and discussion
4.1. Parameters of the smoke layer
Fig. 7 presents the curve of smoke layer interface height chang-
ing over time, with heat release rate 3 MW and shaft height 2 m. At
about 40 s after ignition, the smoke ﬂow reached a relatively stea-
dy state under which the interface height of smoke layer remains
at 3.95 m or so. To be slightly conservative, this paper selects
80–120 s as the interval with stable parameters. The average inter-
face height is calculated by averaging the values in stable period.
Depending on the average interface height, the average temper-
ature and average CO volume fraction is calculated by averaging
the values of gauging points within smoke layer in stable period,
namely,
Ts ¼
Xn
i¼1
ti=n ð20Þ
COs ¼
Xn
i¼1
coi=n ð21Þ0 20 40 6
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Fig. 7. The smoke layer interfacewhere ti and coi are the temperature and CO volume fraction mea-
sured by the ith gauging point of all the n gauging points in smoke
layer.
As shown in Fig. 8, the parameters of smoke temperature, inter-
face height and CO volume fraction basically maintain constant
according to the changing of shaft heights, indicating the smoke
layer 5 m away from downstream shaft is basically not affected0 80 100 120
e/s
height measured in tunnel.
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gard the smoke parameters at this location as those in tunnel be-
fore exhausted.4.2. Plug-holing and the critical plug-holing shaft height
The temperature distribution in cases with heat release rate of
3 MW and the shaft height of 0–5 m with an interval of 1 m is pre-
sented in Fig. 9. Comparing to the case of no smoke exhausting
shown in Fig. 8a, disturbance on smoke layer interface in
Figs. 8b–g is enhanced because of the vertical inertia force gener-
ated by smoke exhausting process and the temperature below vent
gradually decreased to the ambient temperature of 25 C.
The smoke exhausting process is mainly controlled by the
horizontal inertia force of smoke itself and the vertical inertia force
induced by stack effect. Under certain heat release rate, the
horizontal inertia force is constant and the vertical inertia force
of smoke increases as the shaft height increases, leading to the
sunken area below the vent bigger and bigger. When shaft reaches
a certain height, the highest point of sunken area enters into the
shaft and the smoke layer thickness below vent decreases to 0. This(a) No exhausting 
(b) 0 m high shaft (smoke exhaust without vertical shaft) 
 (c) 1 m high shaft 
(d) 2 m high shaft 
Fig. 9. Temperature distribution unphenomenon is called plug-holing, i.e. the fresh air is drawn
directly into the shaft from the lower layer. Obviously, in the cases
with plug-holing occurrence, the smoke exhausting efﬁciency will
decrease signiﬁcantly.
Therefore, it is important to determine the minimum shaft
height without plug-holing. As shown in Fig. 8c and d, the temper-
ature below vent decreases from about 40 C to the ambient tem-
perature of 25 C, that is to say, the critical shaft height of plug-
holing is in the range of 1–2 m under the heat release rate of
3 MW. In order to investigate the detailed value, the temperature
distribution in tunnel and shaft with height 1 m, 1.25 m, 1.5 m,
1.75 m, and 2 m are presented in Fig. 10.
As shown in Fig. 10, when shaft height is 1.25 m, the highest
point of sunken area is very close to the opening at the bottom
where exists a low-temperature area of 32 C. As a contrast, when
shaft height increases to 1.5 m, the highest point of sunken area
has already entered into the bottom of shaft with the low-temper-
ature area of 28 C which is almost equal to the ambient tempera-
ture, indicating plug-holing occurs. And consequently, it can be
determined that the minimum shaft height without plug-holing
is 1.25 m under heat release rate of 3 MW. Then, the minimum
height without plug-holing is deﬁned as the critical plug-holing(e) 3 m high shaft 
(f) 4 m high shaft 
     (g) 5 m high shaft 
der heat release rate of 3 MW.
(a) 1 m high shaft 
(b) 1.25 m high shaft 
(c) 1.5 m high shaft 
(d) 1.75 m high shaft 
(e) 2 m high shaft 
ig. 10. Temperature distribution with shaft height 1–2 m under heat release rate
f 3 MW.
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will be large enough to induce the phenomenon of plug-holing,
which causes smoke exhausting process inefﬁciently.
Similarly, the critical height of plug-holing occurrence under
heat release rates of 5 MW, 10 MW and 15 MW can be determined
as 1.25 m, 1.25 m and 1.5 m respectively. It should be noticed that
the critical plug-holing shaft height increases to 1.5 m under heat
release rate of 15 MW. This is because the smoke layer thickness
and ﬂow rate have increased with heat release rate so that more
smoke can be supplied to the sunken area timelier, restraining
the occurrence of plug-holing.
In order to investigate the phenomenon of plug-holing on
smoke exhaust effect, the velocity vector graphs with shaft height
1–2 m are listed in Fig. 11, which also includes shaft heights of 0 m
and 5 m as control group. Heat release rate of 3 MW is taken as
example again.
According to Fig. 11, comparing the velocity vector graphs in
shaft height less than 1.5 m with the ones 1.5 m or higher, signiﬁ-
cant difference can be seen. For shaft lower than 1.5 m, the vertical
inertial force induced by stack effect is small and the streamline of
lower layer is basically horizontal, i.e., the mass ﬂow rate ex-
hausted through shaft are mainly from the upper smoke layer.
Whereas when shaft rises to 1.5 m, the lower streamline turns to
ﬂow upwards and more and more fresh air will be drawn directly
into the shaft from the lower layer with the increasing of shaft
height. The reason is that when shaft is relatively low, the vertical
inertia force induced by stack effect is small, little disturbance acts
on smoke layer interface and the mass ﬂow rate discharged by
shaft is primarily smoke from the upper space of the tunnel. When
shaft increases to 1.5 m, the vertical inertia force is large enough to
make the fresh air beneath smoke layer directly exhausted and
plug-holing effect occurs, resulting in smoke exhausting inefﬁ-
ciently. Therefore, it can be concluded that the higher the shaft
height, the greater the vertical inertia force, leading to more distur-
bance on smoke layer interface.
4.3. Natural ventilation effect
4.3.1. Division of the control inertia force
In terms of theory, the primary driving function of natural ven-
tilation is the stack effect caused by temperature difference be-
tween the smoke in shaft and the ambient fresh air. The
difference of temperature means the difference of density, which
eventually leads to the smokemoving upward by buoyancy, named
the vertical inertia force. Meanwhile, the smoke exhausting process
is also affected by the inertia force of smoke moving forward,
named the horizontal inertia force, and the competitionmechanism
of the two forces inﬂuence the effect of smoke exhausting process.
According to the analysis above, it can be known that shaft height is
related to the strength of stack effect, and in certain heat release
rate, the higher the shaft, the greater the vertical inertia force on
smoke layer below vent. The mass ﬂow rate exhausted by shaft in
different heat release rates are shown in Fig. 12.
As shown in Fig. 12, the curves of mass ﬂow rate under different
heat release rates have basically the same changing trends and in
general, the higher the vertical shaft, the larger the exhausting
mass ﬂow rate. When shaft is relatively low (0–0.75 m) the mass
ﬂow rate changes slightly with the increasing of shaft height. After
the height of shaft increases up to 0.75 m, the mass ﬂow rate in-
creases signiﬁcantly. And, until the height of shaft increases up
to 1.5 m, the mass ﬂow rate trends to increase approximately lin-
early with shaft height. It can be deduced that when the shaft
height is 0–0.75 m, compared with the horizontal inertia force,
the vertical inertia force induced by stack effect is relatively small,
that is to say, the smoke exhausting process is mainly controlled by
the horizontal inertia force which is constant under a certain heatF
orelease rate, so the mass ﬂow rate doesn’t change much with shaft
height increases in this range. After the height increases up to 1 m,
the mass ﬂow rate increases signiﬁcantly, indicating a transition of
the controlling force on smoke exhausting process. When shaft
height keeps increasing to a speciﬁc value, the vertical inertia force
is large enough to control the exhausting process, and then the
mass ﬂow rate increases approximately linearly with shaft height.
Therefore, the smoke exhausting process with different shaft
heights can be divided into three intervals, namely the horizontal
inertia force control zone (H zone), the transition zone (T zone)
and the vertical inertia force control zone (V zone). Based on the
analysis in Section 4.2, it can be seen that the critical plug-holing
shaft height is the lower limit of V zone. That is to say, when the
(a) 0 m high shaft 
(b) 1 m high shaft 
(c) 1.25 m high shaft 
(d) 1.5 m high shaft 
(e) 1.75 m high shaft 
(f) 2 m high shaft 
(g) 5 m high shaft 
Fig. 11. Velocity vector graphs under heat release rate of 3 MW.
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cess is controlled by the vertical inertia force.4.3.2. CO volume fraction
The average CO volume fraction in tunnel and shaft for all tests
are shown in Figs. 13 and 14 respectively. As shown in Fig. 13, un-
der a certain heat release rate, the CO volume fraction basicallymaintains constant, indicating the smoke layer 5 m away from
downstream shaft is not affected by the smoke exhausting process
through shaft. As shown in Fig. 14, under certain heat release rate,
the CO volume fraction measured at the top opening of shaft al-
most decreases to a ﬁxed value with shaft rising, indicating that
more fresh air is sucked into the shaft with the increasing of the
shaft height and the smoke in shaft is diluted.
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Fig. 12. The mass ﬂow rate for all simulations.
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Fig. 14. CO volume fraction measured at the top opening of shaft.
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further information on the entrained fresh air due to the smoke
exhausting process, i.e. _ma: For optimizing a smoke exhausting pro-
cess, the disturbance on smoke-air interface by smoke exhausting
should be reduced to as little as possible, to ensure less fresh air to
be exhausted by the shaft. As known, the bigger the CO volume
fraction at the top opening of shaft, the better effect of exhausting
process. According to the measured CO volume fraction above, the
smoke proportion of the exhausting rate ( _ms) and the exhausted
portion of entrained fresh air (C _ma) can be determined by
COshaft
COtunnel
¼ _ms
_ms þ C _ma ¼
_ms
_me
ð22Þ
Then, based on Eqs. (3)–(5), we can determine the entrained fresh
air ( _ma) due to the smoke exhausting process.
4.3.3. The optimal shaft height
According to the foregoing analysis, the exhausted mass ﬂow
rate increases with the increasing of shaft height, however, if the0 1 2
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Fig. 13. CO volume fraction measured 5 mshaft is too high, a lot more fresh air will be drown directly, i.e.
plug-holing occurs, resulting in smoke exhausting process inefﬁ-
ciently. So the exhausted mass ﬂow rate alone cannot fully reﬂect
whether the exhausting effect is good or not. In order to syntheti-
cally estimate the exhausting effect, some other relative parameters
are discussed as follows. As shown in Figs. 15 and 16, the amount of
entrained fresh air due to the smoke exhausting process ( _ma) in-
creases with shaft rising as a result of the increasing of the vertical
inertia force, and the exhausted proportion of _ma, i.e. C in Eq. (5),
will eventually reach a relatively steady value which is about 70%
under heat release rate 3 MW, 5 MW and 10 MW or 80% under heat
release rate 15 MW. As we can image, the other portion of _ma head-
ing downstream the tunnel, i.e. (1  C) _ma; will become bigger and
bigger, which prohibits the safe evacuation of occupants and the
effective control of smoke spreading. From the above analysis, it
can be concluded that after plug-holing occurs, the higher vertical
shaft will not result in better smoke exhausting effect.
The exhausted smoke ( _ms), fresh air (C _ma) and the total mass
ﬂow rate in the vertical shaft in all cases are presented in Figs. 17–
20. As shown, it can be discovered that the exhausted mass ﬂow3 4 5
ht/m
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5MW
10MW
15MW
HRR
away from the downstream shaft.
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Fig. 15. The entrained fresh air ( _ma) due to the smoke exhausting process.
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Fig. 16. The exhausted proportion of _ma.
0 1 2 3 4 5
0
2
4
6
8
10
the critical plug-holing height
M
as
s 
flo
w
 ra
te
/(k
g/
s)
Shaft height/m
me
Cma
ms
V zone
H zone T zone
T zone:transition zone
V zone:vertical inertia force control zone
H zone:horizontal inertia force control zone
Fig. 17. The exhausted mass ﬂow rate under heat release rate of 3 MW.
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Fig. 18. The exhausted mass ﬂow rate under heat release rate of 5 MW.
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Fig. 19. The exhausted mass ﬂow rate under heat release rate of 10 MW.
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changing trends. Initially, all the three mass ﬂow rates increase
with the height of shaft, after it rises to the critical plug-holing
height, _me and C _ma change linearly with basically the same slope,
but the exhausted smoke remains almost unchanged. That is to
say, in vertical inertia force control zone, plug-holing occurs, the
increment of _me is mainly caused by the increase of C _ma, and the
exhausted smoke, which is directly related to the smoke exhaust-
ing effect, increases slightly.
Therefore, we can draw the conclusion that in order to achieve
the best exhausting effect, the shaft height should be set as the
critical plug-holing height. In that case, the vertical shaft can ex-
haust as much smoke as possible and avoid overmuch entrainment
of fresh air.
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Fig. 20. The exhausted mass ﬂow rate under heat release rate of 15 MW.
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In this study, a set of numerical simulations were conducted to
investigate the effect of the stack effect on natural ventilation in
urban road tunnel ﬁres with the Large Eddy Simulation. Results
show that the vertical inertia force which diving the smoke
exhausting process increases with the shaft height, when it in-
creases to a critical value the plug-holing occurs beneath the
smoke vent, leading to the smoke exhausting process inefﬁciently.
Based on the inertia force which controls the smoke movement,
the exhausting process with different shaft heights can be divided
into the horizontal inertia force control zone, the vertical inertia
force control zone and the transition zone between them. It is
not the case that the higher the vertical shaft, the better the smoke
exhausting effect; instead, the shaft is recommended to be setup
with the critical plug-holing height. In that case, the vertical shaft
can exhaust as much smoke as possible and avoid overmuchen-
trainment of fresh air.
Reduced scale experiments will be conducted in the future to
research on the effect of smoke exhausting with different cross-
sections of vertical shaft and the mechanism of the air entrainment
process which is directly related to the effective exhausted mass
ﬂow rate.
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1. Introduction and objectives 
As the problem of trafﬁc congestion increases seriously, more and more tunnels 
are under construction all over the world to alleviate the trafﬁc pressure. However, a 
tunnel gives us not only traffic convenience, but also fire challenges to overcome. In 
recent years, a number of high profile accidental fires have occurred in numerous road 
and rail tunnels throughout the world. Many of these fires grew rapidly and caused 
tremendous deaths and injuries and severe damage to the tunnel structures, such as the 
Viamala Tunnel Fire in 2006, killing 9 people [1], the St.Gotthard tunnel fire in 2001, 
killing 11 people and the Mont Blanc tunnel fire in 1999, killing 41 people [2], etc. 
When a tunnel ﬁre occurs, the smoke rises from fire source and turns radially 
outward at the ceiling until it is obstructed by the sidewalls. Then a transition from 
radial to one-dimensional spreading takes place. The flow field in the tunnel can then 
be subdivided into ﬁve regions: rising plume, turning region near the ceiling, radial 
spreading under the ceiling, transition from radial to one-dimensional ﬂow and 
one-dimensional ﬂow parallel to the longitudinal tunnel axis. However, in the former 
studies, fire source was always located at the longitudinal centerline of tunnel, 
whereas in fact, fire may occur at any location in accident, with different distances to 
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the sidewall. The restriction effect of sidewall on nearby fires will certainly influence 
the air entrainment process and play an important part in determining the fire plume 
properties under the ceiling, which is not adequately understood yet. 
In practice, most of the devices associated with fire detection and ﬁre suppression 
are located near the ceiling surfaces. The characteristic parameters of the ceiling jet 
flow, such as the ceiling temperature and velocity, largely determine the response of 
sprinklers, heat detectors and smoke detectors under the ceiling. Hence, it is important 
to quantify the magnitude and distribution of ceiling jet parameters. When flame is 
lower than ceiling for small HRR (heat release rate), the buoyant plume impinges on 
the ceiling and spreads out radially, which is defined as the weak plume impingement 
condition. While when flame is comparable to or higher than ceiling, the flame 
(intermittent flame or continues flame) impinges on the ceiling directly, which is then 
defined as the strong plume impingement condition [3]. 
Statistics have shown that smoke is the most fatal factor in fires, and about 85% 
of victims in building fire were killed by hot and toxic smoke [4]. Therefore, it is very 
important to stop the smoke and toxic gases from spreading by appropriate exhaust 
systems. There are mainly two kinds of ventilation systems in road tunnels, i.e. the 
natural ventilation and the mechanical ventilation. For urban road tunnels, the natural 
ventilation with vertical shaft is simple, economical and does not need extra power 
and special equipment, and then it has been adopted in more and more urban 
underground road tunnels [5]. 
Therefore, the main goal of this thesis is to investigate the characteristics of the 
confined impinging flow (weak plume imping flow and strong plume imping flow) 
under the ceiling within the radial spreading region and the effectiveness of natural 
smoke exhaust by vertical shaft in the one-dimensional ﬂow region of a tunnel fire. 
2. Description of the experimental setup 
2.1 Experimental setup for weak plumes 
The experiments were conducted in a model-scale tunnel with scale ratio of 1:6. 
The model tunnel is 6 m long, 2 m wide and 0.88 m high (see Fig. 1). As shown in Fig. 
1, the side near the aisle was made up of 6 mm thick fire-resistant glass to observe the 
experimental phenomena, the top, bottom and the other side of tunnel were 8 mm 
thick fireproof board. Its aspect ratio is determined based on a survey of 17 urban road 
tunnels in Beijing, Nanjing and Shenzhen in China. The idea of applying similar 
model to fire research was first proposed by Thomas [6], after the development and of 
the later researchers [7, 8], the approach of physical scale modeling has evolved into 
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an effective way to study the phenomenon of fire and smoke [9, 10]. To ensure that 
the results can be extrapolated to full scale, Froude modeling was applied with the 
requirements for the equivalent flows fully turbulent on both full and model scale [6]. 
The dimensional relationships between the fluid dynamics variables were derived 
from first principles by Morgan et al. [11]. By holding the Froude number constant, 
the scaling of the temperature and heat release rate between full and model scale are 
given by 
m fT T  and  
5/2
m f m fQ Q l l , where Q  is the heat release rate (HRR), 
l denotes the size and lm/lf is the similarity ratio. The subscript ‘m’ and ‘f’ represent 
the model and full-scale parameters, respectively. 
 
Fig. 1 Photograph of the experimental apparatus 
A total of 63 pool fire tests were conducted with methanol employed as fuel, each 
test was conducted two times to ensure reproducible results within permitted error 
ranges. The burner was placed on the floor with different distances to the fireproof 
sidewall, and the distances were 1, 0.75, 0.5, 0.4, 0.3, 0.2 and 0 m, respectively. For 
all the cases, burner is located at 2 m away from the left outlet of tunnel. 
In this research, the burning rate determined by an electronic balance in open 
space is adopted and the heat release rates (HRR) are 3.38, 4.93, 6.95, 9.44, 12.56, 
16.45, 20.21, 23.80 and 29.57 kW, respectively. The HRRs are in the range of 3.38 to 
29.57 kW, corresponding to 0.30 MW to 2.61 MW in full-scale. A data acquisition 
system (Agilent 34980A) was used for the temperature measurements and its 
sampling interval was set to be 2 s. Gas temperature beneath the ceiling was measured 
by K-type stainless steel-sheathed thermocouples with a diameter of 1.0 mm, the 
thermocouples were calibrated up to 1100℃ before leaving factory. One set of 
thermocouples were mounted transversely under the ceiling, 2 m away from the left 
opening of the tunnel, as shown in Fig 2. All the thermocouples were mounted 15 mm 
below the tunnel ceiling. The exact positions of the transversely mounted 
thermocouples are 0, 5, 7.5 10, 12.5, 15, 20, 40, 60, 75, 80, 90, 100, 120, 140, 160, 
180, 200 cm from the fireproof sidewall (see Fig. 2). A detailed description of the 
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facility can be found in [12]. 
 
    (a) Tunnel                         (b) Ceiling 
Fig. 2 The arrangements of the measuring points 
2.2 Experimental setup for strong plumes 
The experiments were conducted in the model-scale tunnel with scale ratio of 1:6. 
The description of the model tunnel can be seen in Section 2.1. Fire source was placed 
at 0 m, 0.17 m and 0.35 m above the floor to account for the effect of different vertical 
fire locations. The schematic of the experimental apparatus is shown in Fig. 3. 
 
Fig. 3 Geometrical arrangement of the experiments 
A 0.15 m square porous gas burner was used with propane as fuel. The fuel 
supply rate and heat release rate were controlled by a ﬂow meter. The combustion heat 
of propane was 46.45 kJ/g [13] and complete combustion was assumed for estimating 
heat release rate (HRR). In the experiments, 8 different fire powers were used with 
HRR of 15.94, 26.57, 39.85, 53.13, 66.42, 79.71, 92.99 and 106.28 kW. Each case 
was repeated two times to assure its reliability and repeatability. 
The experimental phenomena were monitored from the front view and side view 
by two digital cameras (DV). Temperatures were measured with K-type stainless 
steel-sheathed thermocouples of 1 mm diameter. The vertical temperatures were 
measured by a column of 8 thermocouples placed from 0.14 to 0.87 m above the floor, 
0.01 m away from the sidewall. A total of 56 thermocouples were located 0.01 m 
under the ceiling to measure the radial temperature distribution of the impingement 
flow, as shown in Fig. 4. The ambient temperature during the experiments was about 
25-30℃. 
The ceiling 
6 m 
2 m 
0.88 m 
2 m 
Side view 
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Fig. 4 Schematic diagram of the thermocouple arrangement under the ceiling 
2.3 Experimental setup for natural smoke exhaust by shaft 
 The experiments were also conducted in the model-scale tunnel with scale ratio 
of 1:6. The description of the model tunnel can be seen in Section 2.1. The cross 
section of the shaft is 30 cm × 30 cm, with the height varied by inserting fire-resistant 
glasses and fireproofing boards of 20 cm high. The height of shaft can be changed 
form 0 m to 1.0 m. 
As shown in Fig. 5, the distance between shaft and the left opening of tunnel is 
4.2 m. A column of 16 thermocouples (K-type) was setup with 1.5cm spacing and the 
highest one was 2 cm below the bottom of shaft. In the cross-section 4.2 m from the 
left opening of tunnel, four velocity probes were installed, 3 cm and 7 cm below the 
celling separately. Moreover, 4 thermocouples, one located next to each of 4 velocity 
probes, were located evenly at the top opening of the shaft. 
 
          (a) Schematic view                        (b) Section 
 
(b) Shaft top view 
Fig.5.The arrangements of the measuring points 
A total of 42 tests were carried out. The burning fuel was methanol contained in a 
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pool-fire located 1.2 m away from the left opening. 7 different heat release rates were 
used with fire sizes of 6.95, 12.56, 20.21, 29.57, 36.66, 44.01, and 53.37 kW. For a 
full scale equivalent using the scaling laws, these equate to fire sizes range from 0.6 to 
4.7 MW, so as to simulate the most common car burning fire in urban road tunnels 
[14]. Under each heat release rate, shaft height was changed from 0 m to 1.0 m, with 
an interval of 0.2 m. For laser sheet flow visualization, incense was used as tracer 
agent and a Digital Video was used to record the experimental phenomena. 
3. Main findings 
3.1 Ceiling temperature for weak plumes 
Figure 6 shows the maximum excess gas temperature beneath the ceiling with 
different transverse distances from the fireproof sidewall. It can be seen thatΔTmax 
increases with HRR for all the fire locations. Under a certain HRR, ΔTmax has a little 
increase with the decrease of distance from 1.0 m to 0.2 m, while as the distance 
continues to decrease to 0 m, i.e., fire is flush with sidewall, the maximum excess 
temperature increases significantly. In addition, the experimental results are compared 
with the previous formulae proposed by Alpert [15] and Li [16], respectively. As 
shown in Fig. 6, the maximum excess gas temperatures predicted by Li’s equation are 
slightly larger than Alpert’s equation and both results are close to the measured values 
for fire at the longitudinal centerline. Neither Alpert’s nor Li’s study have considered 
the influence of the inhibition of air entrainment when fire approaches the sidewall. 
With the decrease of distance from sidewall, the deviation of the measured and 
predicted temperatures becoming bigger and bigger and the maximum deviation 
reaches when fire is flush with sidewall. Therefore, it is clearly that both of the 
previous formulae applied for the maximum ceiling gas temperature will become 
inadequate when fire gets closer to the sidewall and it is rather important to take the 
transverse fire location into consideration so as to satisfactorily predict the ceiling gas 
temperature in tunnel. 
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Fig. 6 Maximum ceiling gas temperature with different transverse fire locations 
The maximum excess gas temperature beneath the tunnel ceiling has a great 
connection with the relative height of flame compared to the effective ceiling height, 
Hef, and the horizontal distance between fire source and the nearest sidewall, d. The 
effective ceiling height is the vertical distance between fire source bottom and tunnel 
ceiling. 
The mean flame height normalized by equivalent diameter, Lf/D, is plotted 
against the dimensionless energy release rate, *Q , in Fig.7. For a rectangular ﬁre 
source, D is an equivalent diameter based on equivalent area of ﬁre source. It can be 
seen that for fire located at the longitudinal centerline of tunnel, Lf is lowest. With 
decreasing of d, Lf increases to some extent and shows no obvious variety regulation 
until fire flush with sidewall. In the case with fire flush with sidewall, Lf is 
significantly larger than other cases, which coincide with the above analysis, since 
less air is entrained and the fuel must travel a longer distance to become fully 
combusted. In double logarithmic coordinates, Lf/D is linear related to 
*Q , taking the 
distance between fire source and sidewall into account, the fitted formula is given by: 
 *2 5fL D Q   (1) 
 * 1/2 5/2/ a p aQ Q c T g D   (2) 
where Q , Ta, ρa, cp g and β are the heat release rate, the ambient air temperature, the 
ambient air density, specific heat capacity, gravity acceleration and flame height 
constant associated with distance between fire source and the nearest sidewall, 
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respectively. 
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Fig. 7 Normalized flame height vs. dimensionless energy release rate 
The relationship between the maximum excess temperature and the normalized 
effective ceiling height shown in Fig.8 indicates two limitations, i.e., fire at the 
longitudinal centerline of tunnel and flush with sidewall. For fire at a location 
between them, ΔTmax spreads out between the two limitations and changes slightly 
with location. As shown in Fig. 8, ΔTmax decreases linearly with the increase of Hef/Lf 
in double logarithmic coordinates, the fitted formula is given by: 
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where α is a maximum temperature constant associated with fire location. 
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Fig. 8 The maximum excess temperature beneath the ceiling vs. normalized effective 
ceiling height 
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Substituting the normalized flame height into Eq. (3), the relationship among 
maximum excess gas temperature, dimensionless heat release rate and the effective 
ceiling height can be yielded for fires with different distances from sidewall: 
 
1/25/4
5/4 *1/2 5/4 1/2
ma
*'
x 5/2
=
ef efa p a
D Q
T Q
c T gH H
Q    

  
          
   
  (4) 
where the dimensionless heat release rate *'Q  (
*' 5/2/ a p a efQ Q c T gH ) is a 
characteristic parameter of relative heat release rate compared to the tunnel geometry, 
δ is an integrated constant and can be obtained by experimental data, and the change 
relation of ΔTmax and 
*'Q  is plotted in Fig. 9. 
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Fig. 9 The maximum excess temperature beneath the ceiling vs. modified 
dimensionless heat release rate 
As shown in Fig. 9, ΔTmax increases linearly with 
*'Q  in double logarithmic 
coordinates, where *'Q  is proportional to HRR and inversely proportional to the 
effective ceiling height. The temperature data indicate two limitations, depending on 
the location of fire source. Under a certain HRR, for fire at a given stand-off distance 
from the sidewall, ΔTmax is almost independent of fire location, whereas for fire flush 
with sidewall, as the restriction effect enhances a lot, the maximum excess 
temperature beneath the ceiling increases significantly. Therefore, correlations for the 
maximum ceiling excess gas temperature in the vicinity of the fire source are 
proposed for weak and strong restriction degree, 
 
*' *'
*'
1/2
max 1/2
1000 ,0.22< <1.11&0.004 0.04
1318 , 0                                
ef
ef
Q Q
Q
d
T
d
H
H
  
  

  (5) 
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The above equations are not able to apply to very large fires with the flame 
impinging on the tunnel ceiling. In that case, the maximum temperature beneath the 
ceiling will increase significantly. Besides, we compared the experimental data with 
three other model scale tests carried out by Ingason et al. [17] and Li et al. [16] 
respectively (see Fig. 10). In their tests, fire was located at the longitudinal centerline. 
It can be seen that the experimental results by Ingason and Li are basically spread 
out between the values predicted by Eq. (5), corresponding to the cases with the 
weakest and strongest restriction effect of sidewall, respectively. When *'Q  is 
smaller than 0.04, the previous data are close to the predicted values by Eq. (5) for 
fires out of touch with sidewall and the inaccuracy may be ascribed to the system 
error of different reduced scale tunnel models. With the increasing of *'Q  in the 
range of 0.04-0.1, flame is higher compared to the tunnel ceiling and more smoke 
accumulates beneath the ceiling. In this case, for a certain location of fire source, the 
restriction effect of sidewall is gradually increasing and the experimental data are 
discrete. As *'Q  increases to 0.1, the restriction effect enhances a lot and the previous 
experimental data get fit with Eq. (5) for fires flush with sidewall, even though fires 
are at the longitudinal centerline of tunnel. Therefore, it can be concluded that for 
fires located at the longitudinal centerline of tunnel, corresponding to the situation 
with the weakest restriction degree under a certain tunnel geometry, the changing 
relationship between ΔTmax and 
*'Q  can be roughly divided into three regions, *'Q
<0.04, 0.04≤ *'Q <0.1 and *'Q ≥0.1. The three regions correspond to the weak, medium 
and strong restriction degree of tunnel sidewall. Therefore, when *'Q  is smaller than 
0.04, Eq. (5) for fires out of touch with sidewall is applicable to fire with d/Hef in the 
range of 0.22 to 1.11. However, when *'Q  is larger than 0.04, owing to the gradual 
enhancement of restriction degree, Eq. (5) collapses for fires out of touch with 
sidewall. 
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Fig. 10 Comparison with other three model scale tests 
 Besides, the flame height, the recirculating hot smoke accumulated beneath the 
ceiling can also cause the increase of ceiling gas temperature. Thus, the measured 
maximum ceiling excess temperature will be compared with the calculated free plume 
centerline temperature at the same height, with the purpose of estimating the impact 
of the buoyant plume impinging process and the accumulated hot upper layer on the 
ceiling gas temperature. 
For fire in the open space, the plume centerline temperature above the flame 
height is calculated by Heskestad model [18], 
  
1 3
5 32 3
0 02 2
=9.1
g
a
c
p a
T
T Q z z
c 
 
   
 
  (6) 
 2 5
0 0.083 1.02z Q D    (7) 
where z0 is the virtual origin, D is the diameter of the fuel source, Ta is the ambient air 
temperature, ρa is the ambient air density, cp is the specific heat capacity, Q  is the 
total HRR and 
cQ  is the convective HRR. For the liquid alcohol pool fires, the total 
HRR is basically the same as the convective HRR [19].  With respect to the fire 
source against a vertical wall, Zukoski [20] carried out one set of measurements and 
put forward a practical method, named Mirror Model, to consider the restriction effect 
of the vertical wall on the entrainment and plume properties. It assumes basically the 
existence of an image fire source on the other side of the wall, which has the same 
intensity as the original one. Then, the plume centerline temperature for fire against a 
wall can therefore be calculated as that produced by a combined fire source with twice 
HRR in open space. In the following part, this practical method is adopted to deal 
with the cases of wall fire. 
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The measured and calculated temperatures are plotted against HRR in Fig. 11. 
The calculated plume centerline temperatures and the measured maximum ceiling gas 
temperatures are marked as solid and hollow symbols, respectively. It can be seen that 
among all the cases, the calculated temperatures are higher than the measured ones at 
the ceiling height above fire source, and the difference increases with HRR. This 
mainly resulted from two reasons. Firstly, a certain amount of heat is dissipated by 
convection from the smoke plume to the ceiling and surrounding sidewalls. The heat 
loss which relates to the thermal properties of the sidewall, the gas temperature and 
the duration time, cause the ceiling gas temperature decrease to some extent. Secondly, 
the upward smoke plume continuously impinges on the ceiling after ignition, the 
ceiling jet spreads radially outward until it reaches the sidewall and ultimately, 
transforms from radially spreading to one-dimensional horizontally spreading. During 
this process, substantive eddy scale structures grow in the plume and a special 
physical phenomenon, density jump, occurs, which causes much more fresh air 
entrained into the plume compared with it in open space [21, 22]. The drastic air 
entrainment process in turn will lead to the decrease of ceiling gas temperature. As a 
matter of fact, both the above two aspects largely depends on the accumulated hot 
upper layer beneath the ceiling. There are numerous complex factors related to the 
accumulated upper layer, such as the heat conductivity, entrainment coefficient, tunnel 
geometry, smoke layer thickness, fire location and dimensions, HRR, etc. Therefore, it 
is difficult to obtain the predictive formulae for the maximum ceiling gas temperature 
directly. 
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(b) Fire flush with the sidewall 
Fig. 11 Comparison of experimental data with the plume centerline temperature 
calculated by Heskestad’s plume model (solid symbols: calculated; hollow symbols: 
measured) 
The concept of virtual heat source is one practical way to adjust a real fire with 
certain horizontal and vertical extents to a point source originating at a virtual origin 
for purposes of correlating properties in the plume region of a fire [23]. In this section, 
a modified virtual origin concept, which attempts to take the integrative influence of 
relevant variables into account, is adopted to synthetically quantify the effects of the 
upper smoke layer on the maximum ceiling gas temperature. And the correlation for 
the modified virtual origin will be proposed to determine the maximum ceiling 
temperature of buoyancy-driven thermal flow in the presence of hot upper layer. To be 
specific, when fire is out of touch with sidewall (see Fig. 12a), the confined plume 
immersed in the hot upper layer is translated into the free plume in the open space via 
bringing in a modified virtual origin, z0. While for fire flush with sidewall (see Fig. 
12b), as the fire plume is confined by both the sidewall ceiling, the HRR and 
dimensions of fire source are first modified by Mirror Model, and then the confined 
plume is translated it into the free plume by applying the same approach. 
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Fig. 12 The schematic diagram of the modified virtual origin 
 Based on the dimensional analysis, the height of virtual origin can be expressed 
by the following two dimensionless parameters as, 
 0
1/2 5/
*'
2
, ,
ef a p a ef ef ef
z Q d d
f f
H c T
Q
g H H H
   
       
   
  (8) 
This means that the dimensionless virtual source height can be expressed by the 
modified dimensionless HRR and the dimensionless distance from sidewall. The 
concrete expression of functional relation will be determined by experimental data. 
The dimensionless virtual source height (z0/Hef) is plotted against 
*'Q  in Fig. 13. 
The top x-axis represents the corresponding value of HRR. It can be seen that when 
fire is out of touch with sidewall, z0/Hef shows no obvious changing relationship with 
fire location, the data scattering can be ascribed to the complex process of heat 
conduction and air entrainment process of different cases. Therefore, under the 
experimental conditions, the change relation between z0/Hef and 
*'Q  can be 
 
z0 
Hot upper layer 
 
z0 
 
    
Hot upper layer 
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reasonably distinguished into fire flush with sidewall (d=0 m) and out of touch with 
sidewall (0.2 m<d<1.0 m). In double logarithmic coordinates, z0/Hef is linear related to 
*'Q , the fitted formulae for z0/Hef are given by 
 0.390 *'
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Fig. 13 Dimensionless virtual source height vs. dimensionless heat release rate 
As shown in Fig. 13, for Eq. 9 with d/Hef in the range of 0.22 to 1.11, there are 
small scatter caused by different transverse fire locations, and the upper and lower 
limits are outlined by two red dashed lines. 
Therefore, the maximum excess gas temperature beneath the tunnel ceiling can be 
obtained by substituting the modified correlations of virtual source height into the 
Heskestad’s free plume model (Eq. 6). However, it should be pointed out that the 
above equations cannot be applied to very large fires with the flame (including 
intermittent and continuous flame) impinging on the tunnel ceiling. In that case, the 
maximum temperature under ceiling will increase evidently, especially for fires with 
continuous flame extending along the ceiling, and Eqs. 9-10 become inadequate. 
In addition, our experimental results are compared with the data obtained in three 
model-scale tests conducted by Li et al. [16] and Ingason et al. [17] and a full-scale 
test conducted by Hu et al. [24]. All the fire sources in previous model-scale and 
full-scale experiments were located at the longitudinal centerline of tunnel. The 
cross-sections of model scale and full scale tunnels are shown in Fig. 14, the model 
scale ratios are 1:20, 1:20 and 1:8, respectively. 
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(a) Tunnel A-1:20                   (b) Tunnel B-1:20 
       
(c) Ingason-1:8                        (d) Hu-full scale 
Fig. 14 Cross-sections of model and full scale tunnel 
A comparison of the maximum ceiling temperature is given in Fig. 15. The error 
bars are result of different transvers fire locations shown in Fig.13. It can be seen that, 
for relatively low ceiling gas temperatures, the experimental data correlate well with 
the values determined by Eq. 9. While for higher temperatures, the predicted values 
are smaller than the measured ones, and the average deviation is about 50℃.  
As shown in Fig. 15, the correlation proposed in this paper performs well and 
gives good predictions to the maximum ceiling excess temperature, as long as *'Q  
smaller than 0.09 is satisfied. When *'Q  is larger than 0.09, the calculated results are 
lower than the experimental data of Tunnel A and Tunnel B. For fire located flush 
with the sidewall, related researches on the maximum ceiling gas temperature are 
rarely addressed, and no previous data can be found for comparison. 
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Fig. 15 Comparison with other experimental results 
3.2 Ceiling temperature for strong plumes 
 When fire is immediately adjacent to the sidewall of tunnel, the fire plume firstly 
extends upward along the sidewall and then impinges on the ceiling and spreads 
radially over it. For heat release rate with flame comparable to or higher than ceiling, 
the so-called strong plume impingement condition forms under the ceiling. 
 Figure 16 shows the vertical temperature distribution along the sidewall of tunnel 
for fire on the ground. It can be seen that for smaller HRR (15.94-53.13 kW), the 
vertical temperatures, 
0T , decreases with height above fire source, owing to 
increasing air entrained into the plume. While for larger HRR (66.42-106.28 kW), 
0T  first increases with height and then keeps basically constant. For the height very 
close to the burner surface there is a cone-shaped fuel-rich region just above the 
burner surface surrounded by the flame envelope near the boundary. In this fuel-rich 
core, the gas temperature is lower than that of flame and decrease to the burner 
surface [25], and the larger the HRR, the greater the fuel-rich volume above the 
burner. This is the reason why there is a temperature-decreasing region above fire 
source for larger HRR (66.42-106.28 kW). 
 With the increase of HRR, flame becomes higher and eventually impinges on the 
ceiling, combined with the experimental phenomenon recorded during the tests (see 
Fig. 16), it can be found that the impinging flow changes from buoyant plume to 
intermittent flame to continuous flame, and the impinging ceiling excess temperature 
increases from about 250K to more than 850K. 
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Fig. 16 Vertical temperature distribution along the sidewall for fire on the ground 
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Fig. 17 Vertical temperature distribution for fire 0.17 m above the floor 
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Fig. 18 Vertical temperature distribution for fire 0.35 m above the floor 
 The change of 
0T  for fire 0.17 and 0.35 m above the floor are shown in Figs. 
17 and 18. It can be seen that the temperature has basically same trend with fire on the 
floor. It can be held that the ceiling excess temperature of 400K and 600K are two 
critical values to estimate the impinging condition under the ceiling. For ∆T0<400K, 
400<∆T0<600K, ∆T0>600K, buoyant plume, intermittent flame and continuous flame 
impinges on the ceiling, respectively. Therefore, the strong plume impingement 
conditions, with flame comparable to or higher than ceiling, are corresponding to ∆T0 
larger than 400K. 
The relationship between ceiling excess temperature and normalized ceiling 
clearance height is shown in Fig.19. It can be seen that ceiling excess temperature at 
impingement zone obeys the three zones division and the correlations for each zone 
can be obtained as, 
For the continuous ﬂame zone, 
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For the intermittent flame zone, 
 
   
 1
0 0
*2/5
4.03
T H H z D
T Q


  
  
 
  (12) 
For the buoyant plume zone, 
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Fig. 19 Ceiling excess temperature against normalized ceiling clearance height 
 Figure 20 plots the contour proﬁles of average ceiling temperature at quasi-steady 
state, taking fire 0.35 m above the floor as examples. In the figure, the impingement 
point right above the fire is set as the origin of coordinates, the abscissa and ordinate 
indicate the distance from origin in transverse and longitudinal direction, respectively. 
It can be seen that owing to the restriction of sidewall, the ceiling temperature 
distribution is not radial symmetric, the longitudinal temperatures show larger than 
the transverse ones for the same distance to origin. It is necessary to estimate the 
horizontal ceiling temperature in both longitudinal and transverse directions, 
respectively. 
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Fig. 20 Ceiling temperature contour profiles for fire 0.35 m above the floor 
Figure 21 shows the non-dimensional temperature proﬁles against horizontal 
distance normalized by characteristic plume radius b in transverse direction. And b is 
plume radius at ceiling level and can be expressed as [3], 
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where cp is the specific heat of air, ρ∞ is the ambient air density, T∞ is the ambient 
temperature, g is the gravitational acceleration, 
c
Q
 
is the convective heat release rate 
(HRR). 
0 ( )T H  will be calculated based on Eqs. 11-13 for the sidewall confined fire. 
When r/b is less than 1.4, the ceiling excess temperatures show constant and 
basically equal to the predicted values at the impinging point (∆T0(H)), whereas out of 
this region the temperatures decay linearly in the double logarithm coordinate, which 
is then defined as the attenuation zone. It should be pointed out that for the smaller 
HRR with flame intermittently impinging on the ceiling or extending under the ceiling 
within a very small region, the data points show a decreasing trend within the 
impingement zone. Moreover, the attenuation zone can be divided into two parts 
based on the normalized distance from impingement point. Due to the influence of 
fluctuating flame, the decaying rate in the first part (k=-3/5) shows smaller than that in 
the second part (k=-1). The correlations can be given by, 
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 The black solid line in the figure shows the Heskestad’s equation of strong plume 
impingement flow [3]. It should be noted that that this equation is obtained from the 
conditions of free fire impinging on an unconfined ceiling. As it is shown, owing to 
the confinement effect of sidewall the experimental data show a bit larger than the 
predicted values by Heskestad’s equation in the near field of impingement point. With 
the increase of r/b, the influence of sidewall gradually weakened and then Heskestad’s 
equation fits much better with the experimental results. 
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Fig. 21 Temperature distribution against normalized distance in transverse direction 
 The temperature distribution in longitudinal direction is presented in Fig. 22. It 
can be seen that the temperature profiles can also be divided into the impingement 
zone and attenuation zone. As shown in Fig. 20, the temperature profiles under the 
ceiling are not axisymmetric and the longitudinal temperatures are larger than the 
transverse ones for the same distance from impingement point. So the impingement 
zone in Fig. 22 shows larger, within the region of r/b≤1.7. Then the correlations can 
be given by, 
    0    r/b 1.7T r T H      (17) 
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

 
 
 
  (18) 
It can be seen that the temperature in the first attenuation part are larger than 
those in transverse direction but has the same decaying rate (k=-3/5). However, in the 
second attenuation part, the temperature in longitudinal direction has larger decaying 
rate (k=-5/3) compared to the transverse direction (k=-1), which means that in the far 
field of impingement point, the longitudinal ceiling temperatures decay faster than the 
transverse ones. Therefore, the Heskestad’s equation (black solid line) for free 
impingement flow can no longer agree with the experimental data in longitudinal 
direction. 
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Fig. 22 Temperature distribution against normalized distance in longitudinal direction 
 The experimentally measured and predicted temperatures beneath the ceiling are 
plotted in Fig. 23. The values in transverse and longitudinal directions are marked as 
solid and hollow symbols, respectively. It can be seen that the proposed formulae for 
ceiling temperature profiles of different HRRs and vertical burner heights can give 
relatively good predictions with errors less than 20%. 
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Fig. 23 Measured and calculated excess gas temperatures beneath the ceiling 
3.3 Critical shaft height for plug-holing 
The smoke layer beneath shaft vent is presented in Fig. 24. In the case without 
vertical shaft (see Fig. 24a), the stratification of smoke is relatively stable. Comparing 
to the cases with smoke exhaust by shaft (see Figs. 24b-f), the smoke layer beneath 
vent shows a remarkable sunken area, and the area of which increases with the 
increasing of shaft height, indicating that the disturbances on smoke layer interface as 
well as the intensity of stack effect are gradually enhanced. When shaft height reaches 
a certain value, the apex of the depression enters into the shaft and the smoke layer 
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thickness beneath vent decreases to 0. This special phenomenon in smoke exhaust 
process is called as plug-holing, i.e. the fresh air is drawn directly into the shaft from 
the lower layer. Obviously, in the cases with plug-holing, the smoke exhaust 
efficiency will decrease significantly. 
 
(a) Without vertical shaft 
 
(b) 0.2 m high shaft 
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(c) 0.4 m high shaft 
 
(d) 0.6 m high shaft 
 
(e) 0.8 m high shaft 
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(f) 1.0 m high shaft 
Fig. 24 The characteristics of smoke beneath smoke vent (HRR=20.21kW) 
The estimation of plug-holing in the series of experiments is listed in Table 1, 
which agrees well with the clips obtained by the digital video. In Table 1, the symbol 
‘NO’ means the nonoccurrence of plug-holing, while ‘YES’ means the occurrence of 
plug-holing. 
Table.1 The estimation of plug-holing 
HRR (kW) 0.2 m 0.4 m 0.6 m 0.8 m 1.0 m 
6.95 NO YES YES YES YES 
12.56 NO YES YES YES YES 
20.21 NO YES YES YES YES 
29.57 NO YES YES YES YES 
36.66 NO NO YES YES YES 
44.01 NO NO YES YES YES 
53.37 NO NO YES YES YES 
The flow field (lightened by the laser sheet) within different vertical shafts under 
HRR 20.21 kW is presented in Fig. 25. There are generally two patterns of flow field. 
When shaft height is 0.2 m, there is a region of relatively low smoke density near the 
upstream wall of shaft. As only a little amount of smoke flows into the backflow, the 
smoke concentration at the left side is fairly low, just above the ambient air. The shaft 
volume for exhausting actual smoke is only half of the total volume, which leads to a 
significant reduction of the exhausting effectiveness. When shaft height increases to 
0.4 m, the low-concentration area disappears while a sunken area appears at the center 
of shaft bottom. 
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      (a) 0.2 m high shaft         (b) 0.4 m high shaft
 
(c) 0.6 m high shaft        (d) 0.8 m high shaft       (e) 1.0 m high shaft 
Fig. 25 Flow field in the central part of the shaft (HRR=20.21kW) 
The estimation of boundary layer separation in the series of experiments is shown 
in Table 2, which agrees well with the clips obtained by the digital video. In Table 2, 
the symbol ‘NO’ means negligible boundary layer separation, while ‘YES’ means 
boundary layer separation. 
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Table.2 The estimation of boundary layer separation 
HRR(kW) 0.2 m 0.4 m 0.6 m 0.8 m 1.0 m 
6.95 YES NO NO NO NO 
12.56 YES NO NO NO NO 
20.21 YES NO NO NO NO 
29.57 YES NO NO NO NO 
36.66 YES YES NO NO NO 
44.01 YES YES NO NO NO 
53.37 YES YES NO NO NO 
In summary, boundary layer separation and plug-holing are both unwanted 
phenomena for exhausting smoke efficiently. When shaft is very low, the significant 
boundary layer separation occurs at the bottom of shaft on the left side, and there 
appears an area of adverse pressure gradient that will counterwork the smoke from 
flowing across this region. With the height of shaft increasing, stronger stack effect 
forms and produces larger pressure difference, causing the diminution of boundary 
layer separation and attenuating the negative influence to a large extent. However, if 
the shaft is so high that stack effect is strong enough to cause the occurrence of 
plug-holing, the lower fresh air will be directly exhausted and then the vertical shaft 
exhausts a mixture of smoky gases and clean air. In general, it is not the case that the 
higher the vertical shaft, the better the smoke exhaust effect. Therefore, it can be 
expected that there exists a critical shaft height in which the boundary layer separation 
can be diminished to a large extent and the occurrence of plug-holing can be avoided. 
Then, in the following part we will focus on the possibility of determining the critical 
shaft height under different HRRs. 
In terms of theory, the primary driving function of natural ventilation is the stack 
effect caused by temperature difference between the smoke in shaft and the ambient 
fresh air. The difference of temperature means the difference of density, which 
eventually leads to the smoke moving upward by buoyancy. As for stack effect of 
vertical shaft, the pressure difference in and out of shaft is the key parameter. 
According to Bernoulli's principle, the pressure difference can be expressed as 
 
0( )sP gh      (19) 
Assuming the smoke in shaft has a uniform temperature, substituting the ideal gas 
equation into Eq. 19, 
 
0 0
0
1 1
( )
s
P T gh
T T
     (20) 
where ∆P is the pressure difference caused by stack effect (Pa), ρ0 is the density of 
ambient air (kg/m
3
), ρs is the density of smoke (kg/m
3
), T0 is the temperature of 
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ambient air (K), Ts is the Temperature of smoke (K), g is the gravity acceleration 
(m/s
2
) and h is the shaft height (m). As shown in Eq. 20, the larger temperature 
difference, the stronger the stack effect. It can be speculated that the strength of stack 
effect may be stronger in winter than summer. However, it should be noted that the 
influence of ambient temperature is not considered here. 
Beside of the vertical buoyancy force causing the stack effect, the smoke 
exhausting process by vertical shaft is also controlled by the smoke’s horizontal 
inertia force and the viscous force of shaft wall. As the friction factor of shaft is very 
small, compared with inertial force, the viscous force could be ignored. That is to say, 
the main competition mechanism controlling the flow field is the relative magnitudes 
of horizontal inertia and vertical buoyancy force. Therefore, a non-dimensional 
number Ri’ is proposed in this paper to determine the flow field under different HRRs 
and shaft heights. Ri’ is defined as the ratio of the vertical buoyancy force (
vF ) 
causing the stack effect to the horizontal inertia force (
hF ) generated by fire source. 
Then Ri’ can be expressed by, 
 
2
0
' v
h s
F ghA
Ri
F v dw



    (21) 
where, Δρ is the density difference between smoke under vent and the ambient air 
without smoke exhaust (kg/m
3
), g is the acceleration of gravity (m/s
2
), d is the 
thickness of smoke layer below vent without smoke exhaust (m), h is the height of 
shaft (m), A is the cross-section of shaft (m
2
), ρs0 is the density of smoke in tunnel 
without smoke exhaust (kg/m
3
), v is the velocity of smoke under vent without smoke 
exhaust (m/s), w is the width of shaft (m). 
The values of Ri’ calculated by Eq. 24 are shown in Fig. 26. As shown in Fig. 26, 
under a certain HRR, with the increasing of shaft height which is related to the 
vertical buoyancy force, the values of Ri’ are gradually increasing. Comparing with 
the estimation of plug-holing in Table 1, it can be found that the bigger the value of 
Ri’, the closer of flow field to plug-holing. While in a certain shaft height, with the 
increasing of HRR which is related to the horizontal inertial force, the values of Ri’ 
are gradually decreasing, namely the flow field is further away from plug-holing and 
closer to obvious boundary layer separation. Therefore, it is reasonable and feasible to 
correlate the value of Ri’ with the flow field or, equivalently, with the effect of smoke 
exhaust. Comparing Fig. 26 with Table 1 and 2, the critical value of Ri’ (Ri’critical) can 
be roughly determined as 1.4. When Ri’ is smaller than 1.4, the flow field in vertical 
shaft appears boundary layer separation, otherwise the phenomenon of plug-holing 
occurs. Combined with the former analysis and discussion of critical shaft height, we 
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could have the conclusion that the critical shaft height, in which the boundary layer 
separation can be diminished to a large extent and the occurrence of plug-holing can 
be avoided, corresponds to the intersecting points of the straight line (Ri’=1.4) with 
each oblique line of a certain HRR. For instance, under HRR 53.37 kW, the critical 
shaft height is about 0.5 m, as shown in Fig. 26. 
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Fig. 26 Values of Ri’ under different experiments 
4. Conclusion 
4.1 Ceiling temperature for weak plumes 
Experimental results showed that the maximum excess temperature first changed 
small with the decrease of distance between fire source and the sidewall, while if the 
distance decreased to 0, i.e., fire was flush with sidewall, due to the increase of flame 
height and the influence of negatively buoyant wall jet, the maximum ceiling gas 
temperature would increase significantly. In this part, the changing law of ceiling 
excess temperature with transverse fire location and HRR was investigated from the 
two aspects of flame height and accumulated smoke layer, respectively. The 
dimensionless heat release rate, * 'Q , which expressed the relative size of heat release 
rate compared to the tunnel geometry was defined and a modified concept of virtual 
origin was introduced for calculating the maximum ceiling gas temperature in the 
presence of a hot upper layer beneath ceiling. The predicted correlations for ceiling 
excess temperature of weak plume impinging flow were proposed for different 
transverse fire locations. However, it should be pointed out that the proposed equation 
is not applicable to very large fires, in such cases the flame impinges on the tunnel 
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ceiling and the maximum temperature beneath it will then increase significantly, 
causing the proposed equation collapse. 
4.2 Ceiling temperature for strong plumes 
The ceiling excess temperature at the impingement point, ∆T0, of 400K and 600K 
are determined as the two critical values to estimate the impinging condition. For 
∆T0<400K, 400<∆T0<600K, ∆T0>600K, buoyant plume, intermittent flame and 
continuous flame impinges on the ceiling, respectively. The ceiling excess 
temperature at the impingement point can be well described by the three-regime law 
and the correlations for each zone were obtained for different ceiling clearance 
heights and HRRs. Due to the confinement effect of sidewall, unlike the unconfined 
plume, the horizontal temperatures under the ceiling show obviously asymmetric. 
Correlations for predicting the ceiling excess temperature in both transverse and 
longitudinal directions are proposed and validated by comparing with previous 
research. 
4.3 Critical shaft height for plug-holing 
With shaft height increasing and stronger stack effect producing, the flow field 
within vertical shaft has roughly gone through two stages of the boundary layer 
separation and the plug-holing. In relatively low shaft height, the boundary layer 
separation is significant and vortexes form on the upstream side of shaft, causing the 
backflow of a portion of discharged smoke and the effective exhausting section 
reduced, which is obviously detrimental to exhaust smoke effectively. However, if the 
shaft is too high, excessive vertical buoyancy force causing the stack effect curbs the 
boundary layer separation and cause the occurrence of plug-holing, in this case, the 
lower cool air will be exhausted directly, which also lead to the smoke exhaust 
process inefficiency. Therefore, it is a clear choice to set the ventilation shaft at a 
critical value, at which the stack effect of moderate intensity would both curb the 
boundary layer separation to a large extent and avoid the fresh air exhausted directly 
because of plug-holing. A theoretically based criterion of Ri’ is put forward in this 
paper to determine the critical shaft height in different fire sizes, and the critical value 
of Ri’ (Ri’critical) is roughly determined as 1.4 on the basis of experimental results. A 
valuable conclusion is that the criterion of Ri’ appears to be suitable for design 
purposes due to its simplicity and it generally performs good for the range of 
conditions studied. 
5. Further perspectives 
1. In this study for strong plume impinging flow, the HRR is relatively small with 
transverse flame much smaller than tunnel width. Future work will focus on larger 
HRR with transverse flame length compare to or larger than tunnel width. 
33 
 
2. In the study, shaft height is changed from 0-1.0 m with an interval of 0.2 m. More 
experiments with more shaft heights will be designed to further verify the proposed 
values of Ri’critical in the future. 
3. Moreover, numerical simulation for the 1/6 scale tunnel will be performed to to 
verify the outcome of the model and the experiments. 
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